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Unit 1 

NUMBER SYSTEMS 
AND CODES 

INTRODUCTION 



The purpose of this first unit on microprocessors is to give you a firm 
foundation in number systems and codes. Binary numbers and codes are 
the basic language of all microprocessors. Octal and hexadecimal num- 
bers allow easy manipulation of binary numbers and data. Thus, a good 
foundation in numbers and codes is essential to understanding micro- 
processors. 

This unit will reacquaint you with the decimal number system, then 
expand the basic concept of numbers to the binary, octal, and hexadeci- 
mal systems. Understanding these systems fully will help you under- 
stand the many digital codes used with microprocessors. Although this 
unit can only give you a working knowledge of numbers and codes, you 
will become more proficient with them as you proceed through the units 
that follow. 

A listing of number system tables has been provided in Appendix B of 
this course. Appendix B is located at the back of the second binder. 

Examine the Unit Objectives listed in the next section to see what you 
will learn in this unit. Then follow the instructions in the Unit Activity 
Guide to be sure you perform all of the steps necessary to complete this 
lesson successfully. Check off each step as you complete it and, in the 
spaces provided, keep track of the time you spend on each activity. 
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UNIT OBJECTIVES 

When you complete this unit you will have the following knowledge and 
capabilities: 

1. Given any decimal number, you will be able io convert it into its 
binary, octal, hexadecimal, and BCD equivalent. 

2. Given any binary number, you will be able to convert it into its 
decimal, octal, hexadecimal, and BCD equivalent. 

3. Given any octal number, you will be able to convert it into its 
decimal and binary equivalent. 

4. Given any hexadecimal number, you will be able to convert it into 
its decimal and binary equivalent. 

5. Given any BCD code, you will be able to convert it into its decimal 
and binary equivalent. 

6. Given a list of popular digital codes, you will be able to read and 
identify them including pure binary, natural 8421 BCD, Gray, AS- 
CII, and BAUDOT. 



7. You will be able to convert a letter or number into its ASCII binary 
code, and convert an ASCII binary code into its letter or number 
equivalent. 

8. You will be able to define the following terms: 



Radix BCD 

Integer Gray Code 

Decimal ASCII 

Binary BAUDOT 

Octal Most Significant Bit (MSB) 

Hexadecimal Least Significant Bit (LSB) 

Bit Most Significant Digit (MSD) 

Parity Least Significant Digit (LSD) 
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UNIT ACTIVITY GUIDE 



n Read section on Decimal Number System. 

I I Answer Self-Test Review questions 1 — 6. 

I I Read section on Binary Number System. 

n Answer Self-Test Review questions 7 — 13. 

I I Read section on Octal Number System. 

I I Answer Self-Test Review questions 14 — 19. 

I I Read section on Hexadecimal Number System. 

I I Answer Self-Test Review questions 20 — 25. 

I I Read section on Binary Codes. 



[""1 Answer Self-Test Review questions 26 

I I Perform Experiments 1 and 2. 

I I Complete the Unit Examination. 

I I Check Examination Answers. 



— 36. 



Completion 
Time 
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DECIMAL NUMBER SYSTEM 



The number system we are all familiar with is the decimal number 
system. This system was originally devised by Hindu mathematicians in 
India about 400 A.D. The Arabs began to use the system about 800 A.D., 
where it became known as the Arabic Number System. After it was 
introduced to the European community about 1200 A.D., the system soon 
acquired the title "decimal number system." 

A basic distinguishing feature of a number system is its base or radix. The 
base indicates the number of characters or digits used to represent quan- 
tities in that number system. The decimal number system has a base or 
radix of 10 because we use the ten digits 0 through 9 to represent 
quantities. When a number system is used where the base is not known, a 
subscript is used to show the base. For example, the number 4603 10 is 
derived from a number system with a base of 10. 

Positional Notation The decimal number system is positional or 
weighted. This means each digit position in a number carries a particular 
weight which determines the magnitude of that number. Each position 
has a weight determined by some power of the number system base, in 
this case 10. The positional weights are 10° (units)*, 10 1 (tens), 10 2 
(hundreds), etc. Refer to Figure 1-1 for a condensed listing of powers of 
10. 



10° 
10 1 
10 2 
10 3 
10 4 
10 5 
10 6 
10 7 
10 8 
10 9 



1 

10 

100 

1,000 

10,000 

100,000 

1,000,000 

10,000,000 

100,000,000 

1,000,000,000 



Figure 1-1 
Condensed listing of powers of 10. 



*Any number with an exponent of zero is equal to one. 




Number Systems and Codes I 1-7 



We evaluate the total quantity of a number by considering the specific 
digits and the weights of their positions. For example, the decimal 
number 4603 is written in the shorthand notation with which we are all 
familiar. This number can also be expressed with positional notation. 



To determine the value of a number, multiply each digit by the weight of 
its position and add the results. 

Fractional Numbers So far, only integer or whole numbers have been 
discussed. An integer is any of the natural numbers, the negatives of these 
numbers, or zero (that is, 0, 1, 4, 7, etc.). Thus, an integer represents a 
whole or complete number. But, it is often necessary to express quantities 
in terms of fractional parts of a whole number. 

Decimal fractions are numbers whose positions have weights that are 

1 1 
negative powers of ten such as 10" 1 = = 0.1, 10~ 2 = ^jg- 

= 0.01 , etc. 

Figure 1-2 provides a condensed listing of negative powers of 10 (decimal 
fractions). 



(4 x 10 3 ) + (6 x 10 2 ) + (0 x 10 1 ) + (3 x 10°) = 
(4 x 1000) + (6 x 100) + (0 x 10) + (3 x 1) = 
4000 + 600 + 0 + 3 = 4603 10 



io- 1 = 



1 



0.1 



10" 2 = 



1 



0.01 



100 



10* 3 = 



1000 



0.001 



10" 4 = 



10,000 



= 0.0001 



Figure 1-2 
Condensed listing of negative 
powers of 10. 



10" 5 = 



100,000 



= 0.00001 



= , * ^ = 0.000001 
1,000,000 
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A radix point (decimal point for base 10 numbers) separates the integer 
and fractional parts of a number. The integer or whole portion is to the 
left of the decimal point and has positional weights of units, tens, hun- 
dreds, etc. The fractional part of the number is to the right of the decimal 
point and has positional weights of tenths, hundredths, thousandths, etc. 
To illustrate this, the decimal number 278.94 can be written with posi- 
tional notation as shown below. 



(2 x 10 2 ) + (7 x 10 1 ) + (8 x 10°) + (9X 10" 1 ) + (4 x 10" 2 ) = 
(2 X 100) +(7 X 10) +(8 X 1) + (9 X 1/10) + (4 X 1/100) = 
200 + 70 4- 8 4- 0.9 + 0.04 = 278.94 10 



In this example, the left-most digit (2 x 10 2 ) is the most significant digit 
or MSD because it carries the greatest weight in determining the value of 
the number. The right-most digit, called the least significant digit or LSD, 
has the lowest weight in determining the value of the number. Therefore, 
as the term implies, the MSD is the digit that will affect the greatest 
change when its value is altered. The LSD has the smallest effect on the 
complete number value. 
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Self-Test Review 

1. The indicates the number of characters or digits in a 

number system. 

2 . In the decimal number system, the base or radix is 



3. Write the following numbers using positional notation. 

A. 4563 10 

B. 26.32 10 

C. 536.9 10 

4. In the decimal number system, the radix point is called the 



5. Convert the following positional notations into their shorthand 
decimal form. 

A. (5 x 10 1 ) + (2 x 10°) + (3 x KT 1 ) + (8 x 10" 2 ) 

B. (4 x 10" 1 ) + (6 x 10" 2 ) + (2 x 10" 3 ) 

C. (3 x 10 3 ) + (7 x 10 2 ) + ( 1 x 10 1 ) + (0 x 10°) 



6. The radix point separates the 
number. 



and 



parts of a 
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Answers 

1. base or radix. 

2. 10. 

3. A. 4563 10 = 4000 + 500 + 60 + 3. 



= (4 x 10 3 ) + (5 x 10 2 ) + {6 x 10 1 ) + (3 x 10°) 

B. (2 x 10 1 ) + (6 x 10°) + (3 x 10~ l ) + (2 x 10" 2 ) 

C. (5 X 10 2 ) + (3 X 10 1 ) + (6 X 10°) + (9 X 10" 1 ) 

decimal point. 

A. (5 x 10 1 ) + (2 x 10°) + (3 x 10" 1 ) + (8 x 10~ 2 ) = 
{5 x 10) + (2 x 1) + (3 x 1/10) + (8 x 1/100) = 
50 + 2 + 0.3 + 0.08 = 52.38 10 

B. 0.462,0 

C. 3710 10 



integer or whole, fractional. 
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BINARY NUMBER SYSTEM 

The simplest number system that uses positional notation is the binary 
number system. As the name implies, a binary system contains only two 
elements or states. In a number system this is expressed as a base of 2, 
using the digits 0 and 1. These two digits have the same basic value as 0 
and 1 in the decimal number system. 

Because of its simplicity, microprocessors use the binary number system 
to manipulate data. Binary data is represented by binary digits called bits. 
The term bit is derived from the contraction of binary digit. Microproces- 
sors operate on groups of bits which are referred to as words. The binary 
number 11101101 contains eight bits. 



Positional Notation 

As with the decimal number system, each bit (digit) position of a binary 
number carries a particular weight which determines the magnitude of 
that number. The weight of each position is determined by some power of 
the number system base (in this example 2) . To evaluate the total quantity 
of a number, consider the specific bits and the weights of their positions. 
(Refer to Figure 1-3 for a condensed listing of powers of 2.) For example, 
the binary number 110101 can be written with positional notation as 
follows: 

(1 x 2 5 ) + (1 x 2 4 ) + (0 x 2 3 ) + (1 x 2 2 ) + (0 x 2 1 ) + (1 x 2°) 

To determine the decimal value of the binary number 110101, multiply 
each bit by its positional weight and add the results. 

(1 x 32) + (1 X16) + (0 x 8) + (1 x 4) + (0 x 2) + (1 x 1) = 
32 + 16 + 0 + 4 + 0+1 = 53 10 



2° 




lio 


2« = 


64 10 


2 1 




2 10 


2 7 = 


128 10 


2 2 




4 10 


2 8 = 


256,0 


2 3 




8 io 


2 9 = 


512,0 


2* 




16 10 


2 10 = 


1024 


2 5 




32 10 


2" = 


2048 



Figure 1-3 
Condensed listing of powers of 2. 
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Fractional binary numbers are expressed as negative powers of 2. Figure 
1-4 provides a condensed listing of negative powers of 2. In positional 
notation, the binary number 0.1101 can be expressed as follows: 

(1 x 2" 1 ) + (1 x 2~ 2 ) + (0 x 2- 3 ) + (1 x 2" 4 ) 

To determine the decimal value of the binary number 0.1101, multiply 
each bit by its positional weight and add the results. 

(1 x 1/2) + (1 x 1/4) + (0 x 1/8) + (ix 1/16) = 
0.5 + 0.25 + 0 + 0.0625 = 0.8125 10 

In the binary number system, the radix point is called the binary point. 



2 



= 0.5 



10 



2" 2 = 4— = 025 io 



2" 3 = -J— = 0.125 10 



2~ 4 = ^— = 0.0625 
16 



10 



2~ 5 = ^— = 0.03125 
32 



10 



2" 6 = 4— = 0.015625 
64 



10 



2 " 7 " T5T = 0 0078125 io 



2~ 8 = -i— = 0.00390625 
256 



10 



Figure 1-4 

Condensed listing of negative 
powers of 2. 
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Converting Between the Binary and Decimal 
Number Systems 

In working with microprocessors, you will often need to determine the 
decimal value of binary numbers. In addition, you will find it necessary 
to convert a specific decimal number into its binary equivalent. The 
following information shows how such conversions are accomplished. 

Binary to Decimal To convert a binary number into its decimal equiva- 
lent, add together the weights of the positions in the number where 
binary l's occur. The weights of the integer and fractional positions are 
indicated below. 



INTEGER 



2 7 



2 s 



128 



64 



32 



2* 



16 



FRACTIONAL 



2 3 



2 2 



2° 



Binary Point 



2" 1 


2" 2 


2" 3 


i 


.5 


.25 


.125 





As an example, convert the binary number 1010 into its decimal equiva- 
lent. Since no binary point is shown, the number is assumed to be an 
integer number, where the binary point is to the right of the number. The 
right-most bit, called the least significant bit or LSB, has the lowest 
integer weight of 2° = 1 . The left-most bit is the most significant bit (MSB) 
because it carries the greatest weight in determining the value of the 
number. In this example, it has a weight of 2 3 = 8. To evaluate the 
number, add together the weights of the positions where binary l's 
appear. In this example, l's occur in the 2 3 and 2 l positions. The decimal 
equivalent is ten. 

Binary Number 10 10 
Position Weights 2 3 2 2 2 l 2° 
Decimal Equivalent 

8+0+2+0= 10 10 

To further illustrate this process, convert the binary number 101101.11 
into its decimal equivalent. 



Binary Number 10 1 1 0 1 .11 

Position Weights 2* 2 4 2 3 2 2 2 1 2° 2' 1 2" 2 
Decimal Equivalent 

32 +0+8+4+0+1 + .5 +.25 = 45.75 10 
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Decimal to Binary A decimal integer number can be converted to a 
different base or radix through successive divisions by the desired base. 
To convert a decimal integer number to its binary equivalent, succes- 
sively divide the number by 2 and note the remainders. When you divide 
by 2, the remainder will always be 1 or 0. 

The remainders form the equivalent binary number. 

As an example, the decimal number 25 is converted into its binary 
equivalent. 

25 - 2 = 12 with remainder 1 LSB 

12 - 2 = 6 0 

6t2 = 3 0 

3-2 = 1 1 

1-2 = 0 1 MSB 

Divide the decimal number by 2 and note the remainder. Then divide the 
quotient by 2 and again note the remainder. Then divide the quotient by 2 
and again note the remainder. Continue this division process until 0 
results. Then collect remainders beginning with the last or most signifi- 
cant bit (MSB) and proceed to the first or least significant bit (LSB). The 
number 11001 2 = 25 10 . Notice that the remainders are collected in the 
reverse order. That is, the first remainder becomes the least significant 
bit, while the last remainder becomes the most significant bit. 

NOTE: Do not attempt to use a calculator to perform this conversion. It 
would only supply you with confusing results. 

To further illustrate this, the decimal number 175 is converted into its 
binary equivalent. 

175-2 = 87 with remainder 1 LSB 
87 - 2 = 43 1 
43 -r 2 = 21 1 
21 -s- 2 = 10 1 
10 - 2 = 5 0 
5-2=2 1 
2-2 = 1 0 
1-2 = 0 1 MSB 

The division process continues until 0 results. The remainders are col- 
lected to produce the number 10101111 2 = 175 10 . 
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To convert a decimal fraction to a different base or radix, multiply the 
fraction successively by the desired base and record any integers pro- 
duced by the multiplication as an overflow. For example, to convert the 
decimal fraction 0.3125 into its binary equivalent, multiply repeatedly by 
2. 



0.3125 x 2 = 0.625 = 0.625 with overflow 0 MSB 

0.6250 x 2 = 1.250 = 0.250 1 

0.2500 x 2 = 0.500 = 0.500 0 

0.5000 x 2 = 1.000 = 0 1 LSB 



These multiplications will result in numbers with a 1 or 0 in the units 
position (the position to the left of the decimal point). By recording the 
value of the units position, you can construct the equivalent binary 
fraction. This units position value is called the "overflow." Therefore, 
when 0.3125 is multiplied by 2, the overflow is 0. This becomes the most 
significant bit (MSB) of the binary equivalent fraction. Then 0.625 is 
multiplied by 2. Since the product is 1.25, the overflow is 1. When there is 
an overflow of 1 , it is effectively subtracted from the product when the 
value is recorded. Therefore, only 0.25 is multiplied by 2 in the next 
multiplication process. This method continues until an overflow with no 
fraction results. It is important to note that you can not always obtain 0 
when you multiply by 2. Therefore, you should only continue the conver- 
sion process to the accuracy or precision you desire. Collect the conver- 
sion overflows beginning at the radix (binary) point with the MSB and 
proceed to the LSB. This is the same order in which the overflows were 
produced. The number 0.0101 2 = 0.3125 10 . 

To further illustrate this process, the decimal fraction 0.90625 is con- 
verted into its binary equivalent. 



0.90625 X 2 = 1.8125 = 
0.81250 X 2 = 1.6250 = 
0.62500 x 2 = 1.2500 = 
0.25000 x 2 = 0.5000 = 
0.50000 x 2 = 1.0000 = 



0.8125 with overflow 1 — MSB 
0.6250 1 
0.2500 1 
0.5000 0 



The multiplication process continues until either 0 or the desired preci- 
sion is obtained. The overflows are then collected beginning with the 
MSB at the binary (radix) point and proceeding to the LSB. The number 
0.11101 2 = 0.90625 10 . 
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If the decimal number contains both an integer and fraction, you must 
separate the integer and fraction using the decimal point as the break 
point. Then perform the appropriate conversion process on each number 
portion. After you convert the binary integer and binary fraction, recom- 
bine them. For example, the decimal number 14.375 is converted into its 
binary equivalent. 



14.375 10 = 14 10 + 0.375 10 
14 2 = 7 with remainder o LSB 



7 + 2 
3 + 2 
1 + 2 



3 
1 
0 



1 
1 
1 



MSB 




0.375 X 2 = 0.75 = 0.75 
0.750 X 2 = 1.50 = 0.50 
0.500 X 2 = 1.00 = 0 



with overflow 



0 
1 
1 



MSB 



LSB 



|0.375 10 = O.uTTn 

14.375 10 = 14 10 + 0.375 10 = 1110 2 + 0.011 2 = 1110.011 2 . 



Number Systems and Codes 1-17 



Self-Test Review 

7. The base or radix of the binary number system is 

8. A binary digit is called a 

9. Convert the following binary integers to decimal. 

A. 101101 

B. 1001 

C. 1101100 

10. Convert the following binary fractions to decimal. 

A. 0.011 

B. 0.01101 

C. 0.1001 

11. Convert the following decimal integers to binary. 

A. 63 

B. 12 

C. 132 

12. Convert the following decimal fractions to binary. 

A. 0.4375 

B. 0.96875 

C. 0.625 

13. Convert 13.125 10 to binary. 
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Answers 

2 

bit 

A. 



7. 
8. 
9. 



B. 
C. 

10. A. 



B. 
C. 

11. A. 



B. 
C. 



101101 2 = 

(1 X 2 5 ) + (0 X 2 4 ) + (1 X 2 3 ) + (1 X 2 2 ) + (0 x 2 1 ) + (IX 2°) 
32 +0 + 8 + 4 + 0 + 1= 45 10 
1001 2 = 9 10 
1101100 2 = 108 10 

0.011 2 = (0 X 2" 1 ) + (1 X 2~ 2 ) + (1 X 2" 3 ) = 
0+ — + — = 0+ 0.25 + 0.125 = 0.375 10 

0.01101 2 = 0.40625,0 
0.1001 2 = 0.5625,0 



63 - 


- 2 




31 


31 - 


- 2 




15 


15 - 


- 2 




7 


7 - 


- 2 




3 


3 - 


- 2 




1 


1 - 


- 2 




0 



with remainder 



— LSB 



MSB 



12, 0 = 1100 2 
132,0 = 10000100 2 
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12. A. 0.4375 x 2 = 0.875 = 0.875 with overflow 0 MSB 
0.8750 X 2 = 1.750 = 0.750 1 
0.7500 X 2 = 1.500 = 0.500 1 
0.5000 x 2 = 1.000 = 0 1 LSB 



E 



.4375,0 = 0.0111, 



B. 0.96875 10 = 0.11111 2 

C. 0.625,0 = 0.101 2 

13. 13.125,0 = 13,o + 0.125,0 

13 -5- 2 = 6 with remainder 1 LSB 
6+2=3 0 
3t2=1 1 
1+2 = 0 1 — MSB 



|13io = 1101 2 | 



0.125 x 2 = 0.25 = 0.25 with overflow 0 MSB 

0.250 X 2 = 0.50 = 0.50 0 

0.500 x 2 = 1.00 = 0 1 — LSB 

|0.125,o = 0.001 2 | 
13.125,0 = 13,o + 0.125,o = 1101 2 + 0.001 2 = 1101.001 2 
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OCTAL NUMBER SYSTEM 

Octal is another number system that is often used with microprocessors. 
It has a base (radix) of 8 , and uses the digits 0 through 7. These eight digits 
have the same basic value as the digits 0 — 7 in the decimal number 
system. 

As with the binary number system, each digit position of an octal number 
carries a positional weight which determines the magnitude of that 
number. The weight of each position is determined by some power of the 
number system base ( in this example, 8). To evaluate the total quantity of 
a number, consider the specific digits and the weights of their positions. 
Refer to Figure 1-5 for a condensed listing of powers of 8. For example, 
the octal number 372.01 can be written with positional notation as fol- 
lows: 

(3 X 8 2 ) r(7X 8 1 ) r(2X 8°) + (0X 8" 1 ) + (1 X8~ 2 ) 

The decimal value of the octal number 372.01 is determined by multiply- 
ing each digit by its positional weight and adding the results. As with 
decimal and binary numbers, the radix (octal) point separates the integer 
from the fractional part of the number. 

(3 X64) + (7 X 8) + (2 X 1) + (0 X 0.125) + (1 X 0.015625) = 
192 + 56 + 2 + 0 + 0.015625 = 250.015625 10 







g-4 






8" 3 






8" 2 






8" 1 


1,0 




8° 


8 io 




8 1 


64 10 




8 2 


512 10 




8 3 


4096 10 




8 4 


32768 10 




8 s 


262144 10 




8 6 



4096 

1 
512 
1 



= 0.000244140625 



10 



64 
1 



8 



= 0.001953125 
= 0.015625 10 
= 0.125 10 



10 



Figure 1-5 
Condensed listing of powers of 8. 
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Conversion From Decimal to Octal 



Decimal to octal conversion is accomplished in the same manner as 
decimal to binary, with one exception; the base number is now 8 rather 
than 2. As an example, the decimal number 194 is converted into its octal 
equivalent. 



Divide the decimal number by 8 and note the remainder. (The remainder 
can be any number from 0 to 7.) 

Then divide the quotient by 8 and again note the remainder. Continue 
dividing until 0 results. Finally, collect the remainders beginning with 
the last or most significant digit (MSD) and proceed to the first or least 
significant digit (LSD). The number 302 8 = 194 10 . Figure 1-6 illustrates 
the relationship between the first several decimal, octal, and binary 
integ'ers. 



194 + 8 = 24 with remainder 2 
24 - 8 = 3 0 
3+8=0 3 



LSD 



MSD 



DECIMAL 



OCTAL 



BINARY 



0 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 



0 
1 
2 
3 
4 
5 
6 
7 

10 
11 
12 
13 
14 
15 
16 
17 
20 
21 
22 
23 
24 



10000 
10001 
10010 
10011 
10100 



10 
11 
100 
101 
110 

111 

1000 
1001 
1010 
1011 
1100 
1101 
1110 

1111 



0 

1 



Figure 1-6 
Sample comparison of decimal, 
octal, and binary integers. 
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To further illustrate this process, the decimal number 175 is converted 
into its octal equivalent. 

175-^8 = 21 with remainder 7 LSD 
21 - 8 = 2 5 
2^8 = 0 2 MSD 

The division process continues until a quotient of 0 results. The remain- 
ders are collected, producing the number 257 8 = 175 10 . 

To convert a decimal fraction to an octal fraction, multiply the fraction 
successively by 8 (octal base). As an example, the decimal fraction 
0.46875 is converted into its octal equivalent. 

0.46875 X 8 = 3.75 = 0.75 with overflow 3 MSD 
0.75000 X 8 = 6.00 = 0 6 LSD 



Multiply the decimal number by 8. If the product exceeds one, subtract 
the integer (overflow) from the product. Then multiply the product 
fraction by 8 and again note any "overflow." Continue multiplying until 
an overflow, with 0 for a fraction, results. Remember, you can not always 
obtain 0 when you multiply by 8. Therefore, you should only continue 
this conversion process to the accuracy or precision you desire. Collect 
the conversion overflows beginning at the radix (octal point) with the 
MSD and proceed to the LSD. The number 0.36 8 = 0.46875 10 . Figure 1-7 
illustrates the relationship between decimal, octal, and binary fractions. 

Now, the decimal fraction 0.136 will be converted into its octal equiva- 
lent with four-place precision. 

0.136 X 8 = 1.088 = 0.088 with overflow 
0.088 X 8 = 0.704 = 0.704 
0.704 X 8 = 5.632 = 0.632 
0.632 X 8 = 5.056 = 0.056 

0.136 10 = 0.1055 8 

The number 0 . 1 0 5 5 8 approximately equals 0 . 1 3 6 10 . If you convert 0 . 1 0 5 5 8 
back to decimal (using positional notation), you will find 0.1055 8 = 
0.135986328125 10 . This example shows that extending the precision of 
your conversion is of little value unless extreme accuracy is required. 
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Figure 1-7 
Sample comparison of decimal, 
octal, and binary fractions. 



As with decimal to binary conversion of a number that contains both an 
integer and fraction, decimal to octal conversion requires two operations. 
You must separate the integer from the fraction, then perform the appro- 
priate conversion on each number. After you convert them, you must 
recombine the octal integer and octal fraction. For example, convert the 
decimal number 124.78125 into its octal equivalent. 

124.78125 10 = 124 10 + 0.78125 10 

124 + 8 = 15 with remainder 4 LSD 

15 + 8 = 1 7 

1-8 = 0 1 MSD 



124 10 = 174 ; 



0.78125 x 8 = 6.25 = 0.25 with overflow 6 MSD 
0.25000 X 8= 2.00 = 0 2 -«- LSD 



|0.78125 10 - 0.62 8 | 

124.78125 10 = 124,0 + 0.78125 10 = 174 8 + 0.62„ = 174.62 8 



1-24 



UNIT ONE 



HEATHKIT 

CONTINUING 

ewkatk* 



Converting Between the Octal and 
Binary Number Systems 

Microprocessors manipulate data using the binary number system. How- 
ever, when larger quantities are involved, the binary number system can 
become cumbersome. Therefore, other number systems are frequently 
used as a form of binary shorthand to speed-up and simplify data entry 
and display. The octal number system is one of the systems that is used in 
this manner. It is similar to the decimal number system, which makes it 
easier to understand numerical values. In addition, conversion between 
binary and octal is readily accomplished because of the value structure of 
octal. Figures 1-6 and 1-7 illustrate the relationship between octal and 
binary integers and fractions. 

As you know, three bits of a binary number exactly equal eight value 
combinations. Therefore, you can represent a 3-bit binary number with a 
1-digit octal number. 

101 2 = (lx2 2 ) + (0x2 1 )+(lx2°)=4 + 0 + l = 5 8 

Because of this relationship, converting binary to octal is simple and 
straight forward. For example, binary number 101001 is converted into 
its octal equivalent. 



101001 2 
REWRITE AS 
MSB LSB 
^101 001 
YIELDS 
51 8 



To convert a binary number to octal, first separate the number into groups 
containing three bits, beginning with the least significant bit. Then 
convert each 3-bit group into its octal equivalent. This gives you an octal 
number equal in value to the binary number. 
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Binary fractions can also be converted to their octal equivalents using the 
same process, with one exception. The binary bits must be separated into 
groups of three beginning with the most significant bit. For example, the 
binary fraction 0.011101 is converted into its octal equivalent. 



0.011101 2 
REWRITE AS 

MSB LSB 

\ / 

0.011 101 
YIELDS 
0.35 8 

Again, you must first separate the binary number into groups of three 
beginning at the radix (binary) point. Then convert each 3-bit group into 
its octal equivalent. 

To separate binary numbers into 3-bit groups when the number does not 
contain the necessary bits, add zeros to the number until the number can 
be separated into 3-bit groups. For example, binary number 
10010101.1011 is converted into its octal equivalent. 

10010101. 1011 2 
REWRITE AS 
MSB LSB 

\ / 

010 010 101.101 100 
YIELDS 
225.54 8 

As before, the integer part of the number is separated into 3-bit groups, 
beginning at the radix (binary) point. Note that the third group contains 
only two bits. However, a zero can be added to the group without chang- 
ing the value of the binary number. Next, the fractional part of the number 
is separated into 3-bit groups, beginning at the radix (binary) point. Note 
that the second group contains only one bit. By adding two zeros to the 
group, the group is complete with no change in the value of the binary 
number. 

NOTE: Whenever you add zeros to a binary integer, always place them to 
the left of the most significant bit. When you add zeros to a binary 
fraction, always place them to the right of the least significant bit. 
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After you have formed the 3-bit groups, convert each group into its octal 
equivalent. This gives you an octal number equal in value to the binary 
number. Now convert binary number 1101110.01 into its octal equiva- 
lent. 



1101110.01 2 
REWRITE AS 

MSB LSB 

\ / 

001 101 110.010. 
YIELDS 
156.2 8 

Separate the integer and fraction into 3-bit groups, adding zeros as 
necessary. Then convert each 3-bit group to octal. Never shift the radix 
(binary) point in order to form 3-bit groups. 



Converting octal to binary is just the opposite of the previous process. 
You simply convert each octal number into its 3-bit binary equivalent. 
For example, convert the octal number 75.3 into its binary equivalent. 



75.3 8 
YIELDS 
MSB LSB 

\ / 

111 101.011 



REWRITE AS 
llllOl.Ollj 



The above example is a simple conversion. Now a more complex octal 
number (1752.714) will be converted to a binary number. 



1752.714 8 
YIELDS 

MSB LSB 

001 111 101 010.111 001 100 
REWRITE AS 
1111101010.1110011 2 



Again, each octal digit is converted into its 3-bit binary equivalent. 
However, in this example, there are two insignificant zeros in front of the 
MSB and after the LSB. Since these zeros have no value, they should be 
removed from the final result. 
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Self-Test Review 

14. The base or radix of the octal number system is 

15. Convert the following decimal integers to octal. 

A. 156 

B. 32 

C. 1785 

16. Convert the following decimal fractions to octal. Do not use greater 
than 4-place precision. 

A. 0.1432 

B. 0.8125 

C. 0.6832 

17. Convert 735.984375,,, to octal. 

18. Convert the following binary numbers to octal. 

A. 10000111.01101 

B. 11101.0101 

C. 1001101.000001 

19. Convert the following octal numbers to binary. 

A. 372.61 

B. 11.001 

C. 3251.034 
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Answers 



14. 8 



15. A. 156H- 8 = 19 
19 + 8 = 2 
2 + 8 = 0 

|156 10 = 234 8 { 

32,o = 40 8 
1785 10 = 3371 8 



with remainder 4 LSD 

■ MSD 



4 
3 
2 



B. 
C. 

16. A. 



0.1432 x 8 = 1.1456 = 0.1456 
0.1456 x 8 = 1.1648 = 0.1648 
0.1648 X 8 = 1.3184 = 0.3184 
0.3184 x 8 = 2.5472 = 0.5472 

|0.1432iq = 0.1112 8 | 



B. 0.8125 10 = 0.64 8 

C. 0.6832 10 = 0.5356 8 



overflow 1 MSD 
1 
1 

2 -*- LSD 



17. 735.984375,0 = 



18. 



19. 



735,o + 0.984375,o 

735 -s- 8 = 91 with remainder 

91 + 8 = 11 

11 8 =1 
1-8=0 



735,0 = 1337 8 



0.984375 X 8 = 7.875 = 0.875 
0.875000 X 8 = 7.00 = 0 



E 



984375,o = 0.77„ 



7 
3 
3 
1 



— LSD 



— MSD 



overflow 
7 MSD 
7 — LSD 



73 5.984 3 7 5, 0 = 73 5, 0 + 0.98 4 3 7 5, 0 =13 3 7 8 + 0.77 8 = 13 3 7.77 

A. 10000111.01101 2 = 010 000 111.011 010 2 

= 207.32 8 

B. 11101.0101 2 = 35.24 8 

C. 1001101.000001 2 = 115.01 8 

A. 372.61 8 = 011 111 010.110 001 2 = 11111010.110001 2 . 

B. 11.001 8 = 1001.000000001 2 

C. 3251.034 8 = 11010101001.0000111 2 
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HEXADECIMAL NUMBER SYSTEM 



Hexadecimal is another number system that is often used with micro- 
processors. It is similar in value structure to the octal number system, and 
thus allows easy conversion with the binary number system. Because of 
this feature and the fact that hexadecimal simplifies data entry and 
display to a greater degree than octal, you will use hexadecimal more 
often than any other number system in this course. As the name implies, 
hexadecimal has a base (radix) of 16 10 . It uses the digits 0 through 9 and 
the letters A through F. 

The letters are used because it is necessary to represent 16 10 different 
values with a single digit for each value. Therefore, the letters A through 
F are used to represent the number values 10 10 through 15 10 . The follow- 
ing discussion will compare the decimal number system with the 
hexadecimal number system. 

All of the numbers are of equal value between systems (0 10 = 0 16 , 3 10 = 3 16 , 
9io = 9 16 , etc.). For numbers greater than 9, this relationship exists: 10 10 = 
A 16f ll 10 = B 16 , 12 10 = C 16 , 13 10 = D 16 , 14 10 = E 16 , and 15 10 = F 16 . Using 
letters in counting may appear awkward until you become familiar with 
the system. Figure 1-8 illustrates the relationship between decimal and 
hexadecimal integers, while Figure 1-9 illustrates the relationship be- 
tween decimal and hexadecimal fractions. 
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Figure 1-8 
Sample comparison of decimal, 
hexadecimal, and binary integers. 
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Figure 1-9 
Sample comparison of decimal, 
hexadecimal, and binary fractions. 
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As with the previous number systems, each digit position of a hexadeci- 
mal number carries a positional weight which determines the magnitude 
of that number. The weight of each position is determined by some power 
of the number system base (in this example, 16, 0 ). The total quantity of a 
number can be evaluated by considering the specific digits and the 
weights of their positions. (Refer to Figure 1-10 for a condensed listing of 
powers of 16 10 .) For example, the hexadecimal number E5D7.A3 can be 
written with positional notation as follows: 

(E x 16 3 ) + (5 x 16 2 ) + (D x 16 1 ) + (7 x 16°) + (A x 16" 1 ) + (3 x 16~ 2 ) 

The decimal value of the hexadecimal number E5D7.A3 is determined by 
multiplying each digit by its positional weight and adding the results. As 
with the previous number systems, the radix (hexadecimal) point sepa- 
rates the integer from the fractional part of the number. 

(14 X 4096) + (5 X 256) + (13 X 16) + (7 X 1) + (10 X 1/16) + (3 X 1/256) - 

57344 + 1280 + 208 + 7 + 0.625 + 0.01171875 = 

58839.63671875,0 



16~ 4 
16" 3 
16~ 2 
16" 1 



65536 
1 

4096 
1 



256 
1 



16 



0.0000152587890625,0 
0.000244140625,0 
0.00390625,0 
0.0625,0 



1,0 




16° 


16,0 




16 1 


256,0 




16 2 


4096,o 




16 3 


65536,o 




16 4 


1048576,o 




16 5 


16777216,o 




16 6 



Figure 1-10 
Condensed listing of powers of 16. 
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Conversion From Decimal to Hexadecimal 

Decimal to hexadecimal conversion is accomplished in the same manner 
as decimal to binary or octal, but with a base number of 16 10 . As an 
example, the decimal number 156 is converted into its hexadecimal 
equivalent. 

156 -s- 16 = 9 with remainder 12 = C LSD 
9 + 16 = 0 9 = 9— MSD 

Divide the decimal number by 16 10 and note the remainder. If the remain- 
der exceeds 9, convert the 2-digit number to its hexadecimal equivalent 
(12 10 = C in this example). Then divide the quotient by 16 and again note 
the remainder. Continue dividing until a quotient of 0 results. Then 
collect the remainders beginning with the last or most significant digit 
(MSD) and proceed to the first or least significant digit (LSD). The 
number 9C 16 = 156 10 . NOTE: The letter H after a number is sometimes 
used to indicate hexadecimal. However, this course will always use the 
subscript 16. 

To further illustrate this, the decimal number 47632 is converted into its 
hexadecimal equivalent. 

47632 -5- 16 = 2977 with remainder 0 = 0 LSD 
2977 4- 16 = 186 1 = 1 

186 - 16 = 11 10 = A 

11 -s- 16 = 0 11 = B «*- MSD 

The division process continues until a quotient of 0 results. The remain- 
ders are collected, producing the number BA10 16 = 47632 10 . Remember, 
any remainder that exceeds the digit 9 must be converted to its letter 
equivalent. (In this example, 10 = A, and 11 = B.) 

To convert a decimal fraction to a hexadecimal fraction, multiply the 
fraction successively by 16 10 (hexadecimal base). As an example the 
decimal fraction 0.78125 is converted into its hexadecimal equivalent. 



0.78125 x 16 = 12.5 = 0.5 with overflow 12 = C MSD 
0.50000 X 16 = 8.0 = 0 8 = 8 -*- LSD 
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Multiply the decimal by 16 10 . If the product exceeds one, subtract the 
integer (overflow) from the product. If the "overflow" exceeds 9, convert 
the 2-digit number to its hexadecimal equivalent. Then multiply the 
product fraction by 16 10 and again note any overflow. Continue multi- 
plying until an overflow, with 0 for a fraction, results. Remember, you can 
not always obtain 0 when you multiply by 16. Therefore, you should only 
continue the conversion to the accuracy or precision you desire. Collect 
the conversion overflows beginning at the radix point with the MSD and 
proceed to the LSD.The number O.C8 16 = 0.78125 10 . 

Now the decimal fraction 0.136 will be converted into its hexadecimal 
equivalent with five-place precision. 



0.136 x 16 = 2.176 = 0.176 overflow 2 = 2-*- MSD 

0.176 X 16 = 2.816 = 0.816 2 = 2 

0.816 X 16 = 13.056 = 0.056 13 = D 

0.056 X 16 = 0.896 = 0.896 0 = 0 

0.896 X 16 = 14.336 = 0.336 14 = E LSD 



The number 0.22D0E 16 approximately equals 0.136 10 . If you convert 
0.22D0E 16 back to decimal (using positional notation), you will find 
0.22D0E 16 = 0.1359996795654296875 16 . This example shows that ex- 
tending the precision of your conversion is of little value unless extreme 
accuracy is required. 
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As shown in this section, conversion of an integer from decimal to 
hexadecimal requires a different technique than for conversion of a 
fraction. Therefore, when you convert a hexadecimal number composed 
of an integer and a fraction, you must separate the integer and fraction, 
then perform the appropriate operation on each. After you convert them, 
you must recombine the integer and fraction. For example, the decimal 
number 124.78125 is converted into its hexadecimal equivalent. 



124.78125 10 = 124 10 + 0.78125 10 
124 - 16 = 7 with remainder 12 = C «*- LSD 
7-16-0 7 = 7— MSD 



124 10 — 7Cjg 



0.78125 x 16 = 12.5 = 0.5 overflow 12 = C MSD 
0?50000 x 16 = 8.0 = 0 8 = 8 -*- LSD 



0.78125 10 = O.C8 16 



124.78125 10 = 124 10 + 0.78125 10 = 7C 16 + O.C8 16 = 7C.C8 16 



First separate the decimal integer and fraction. Then convert the integer 
and fraction to hexadecimal. 

Finally, recombine the integer and fraction. 
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Converting Between the Hexadecimal and 
Binary Number Systems 

Previously, the octal number system was described as an excellent short- 
hand form to express large binary quantities. This method is very useful 
with many microprocessors. The trainer used with this course uses the 
hexadecimal number system to represent binary quantities. As a result, 
frequent conversions from binary-to-hexadecimal are necessary. Figures 
1-8 and 1-9 illustrate the relationship between hexadecimal and binary 
integers and fractions. 

As you know, four bits of a binary number exactly equal 16 10 value 
combinations. Therefore, you can represent a 4-bit binary number with a 
1-digit hexadecimal number: 

1101 2 = (1 x2 3 )+(1 X 2 2 ) + (0 x2 1 ) + (1 x 2°) = 8+4 + 0 + 1 = 13 10 = D 1€ 



Because of this relationship, converting binary to hexadecimal is simple 
and straightforward. For example, binary number 10110110 is converted 
into its hexadecimal equivalent. 



10110110 2 
REWRITE AS 

MSB LSB 

1011 0110^ 
YIELDS 
B6 16 

To convert a binary number to hexadecimal, first separate the number 
into groups containing four bits, beginning with the least significant bit. 
Then convert each 4-bit group into its hexadecimal equivalent. Don't 
forget to use letter digits as required. This gives you a hexadecimal 
number equal in value to the binary number. 



Now convert a larger binary number (10101101101) into its hexadecimal 
equivalent. 



10101101101 2 
REWRITE AS 

MSB LSB 

\ / 

0101 0110 1101 
YIELDS 
56D 16 
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Again, the binary number is separated into 4-bit groups beginning with 
the LSB. However, the third group contains only three bits. Since each 
group must contain four bits, a zero must be added after the MSB. The 
third group will then have four bits with no change in the value of the 
binary number. Now each 4-bit group can be converted into its 
hexadecimal equivalent. Whenever you add zeros to a binary integer, 
always place them to the left of the most significant bit. 

Binary fractions can also be converted to their hexadecimal equivalents 
using the same process, with one exception; the binary bits are separated 
into groups of four, beginning with the most significant bit (at the radix 
point). For example, the binary fraction 0.01011011 is converted into its 
hexadecimal equivalent. 



0.01011011 2 
REWRITE AS 
MSB LSB 

\ / 

0.0101 1011 
YIELDS 
0.5B 16 

Again, you must separate the binary number into groups of four, begin- 
ning with the radix point. Then convert each 4-bit group into its hexadec- 
imal equivalent. This gives you a hexadecimal number equal in value to 
the binary number. 

Now convert a larger binary fraction (0.1101001101) into its hexadecimal 
equivalent. 



0.1101001101 2 

REWRITE AS 

MSB LSB 

\ / 
0.1101 0011 0100_ 

YIELDS 
O.D34 16 



Separate the binary number into 4-bit groups, beginning at the radix 
(binary) point (MSB). Note that the third group contains only two bits. 
Since each group must contain four bits, two zeros must be added after 
the LSB. The third group will then have four bits with no change in the 
value of the binary number. Now, each 4-bit group can be converted into 
its hexadecimal equivalent. Whenever you add zeros to a binary frac- 
tion, always place them to the right of the least significant bit. 
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Now, a binary number containing both an integer and a fraction 
(110110101.01110111) will be converted into its hexadecimal equiva- 
lent. 



110110101.01110111 2 
REWRITE AS 
MSB LSB 

\ / 

000 1 1011 0101.0111 0111 
YIELDS 
1B5.77 16 



The integer part of the number is separated into groups of four, beginning 
at the radix point. Note that three zeros were added to the third group to 
complete the group. The fractional part of the number is separated into 
groups of four, beginning at the radix point. (No zeros were needed to 
complete the fractional groups.) The integer and fractional 4-bit groups 
are then converted to hexadecimal. The number 1 101 10101 .011 101 1 1 2 = 
1B5.77 16 . Never shift the radix point in order to form 4-bit groups. 



Converting hexadecimal to binary is just the opposite of the previous 
process; simply convert each hexadecimal number into its 4-bit binary 
equivalent. For example, convert the hexadecimal number 8F.41 into its 
binary equivalent. 



8F.41 16 
YIELDS 

MSB LSB 

\ / 

1000 1111.0100 0001 
REWRITE AS 
10001111.01000001, 



Convert each hexadecimal digit into a 4-bit binary number. Then con- 
dense the 4-bit groups to form the binary value equal to the hexadecimal 
value. The number 8F.41 I6 = 10001111.01000001,. 
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Now, the hexadecimal number 175.4E will be converted into its binary 
equivalent. 

175.4E 16 
YIELDS 
MSB LSB 

/ \ 

0001 0111 0101.0100 1110 
REWRITE AS 
IOIIIOIOI.OIOOIII2 

Again, each hexadecimal digit is converted into its 4-bit binary equiva- 
lent. However, in this example there are three insignificant zeros in front 
of the MSB and one after the LSB. Since these zeros have no value, they 
should be removed from the final result. 
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Self-Test Review 

20. The base or radix of the hexadecimal number system is 



21. Convert the following decimal integers to hexadecimal. 



A. 783 

B. 5372 

C. 957 



22 . Convert the following decimal fractions to hexadecimal. Do not use 
greater than four-place precision. 

A. 0.653 

B. 0.109375 

C. 0.4567 

23. Convert 1573.125 10 to its hexadecimal equivalent. 

24. Convert the following binary numbers to hexadecimal. 

A. 100001101.01011 

B. 11111011001.01 

C. 110001101.00010010101 

25. Convert the following hexadecimal numbers to binary. 



A. AE7.D2 

B. 2C5.21F8 

C. 1B6.64E 
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Answers 



20. 



21. 



16 



10- 



783 -i- 16 = 48 with remainder 15 = F LSD 
48 -r 16 = 3 0 = 0 

3 4- 16 = 0 3 = 3 -*- MSD 



783,o = 30F 



3 



B. 5372 10 = 14FC 16 

C. 957io = 3BD 16 



22. A. 



B. 
C. 



0.653 X 16 = 10.448 = 0.448 

0.448 X 16 = 7.168 = 0.168 

0.168 X 16 = 2.688 = 0.688 

0.688 X 16 = 11.008 = 0.008 



0.653 10 = 0.A72B 



16 



0.109375 10 = 0.1C 16 
0.4567 10 = 0.74EA 16 



with overflow 



10 
7 
2 

11 



A 
7 
2 
B 



MSD 



LSD 



23. A. 1573.125,o = 1573, 0 + 0.125, 0 

1573 -5- 16 = 98 with remainder 5 = 5 

98 -s- 16 = 6 2 = 2 

6 + 16 = 0 6 = 6 



LSD 
MSD 



1573,0 = 625 



16 



0.125 x 16 = 2.00 = 0 with overflow 2 = 2 



•MSD 
■LSD 



0.125,o = 0.2,6 



1573.125,0 = 1573,0 + 0.125, 0 = 625, 6 + 0.2, 6 = 625.2, 6 

24. A. 100001101. 0101 1 2 = 0001 0000 1101.0101 1000 2 

= 10D.58, 6 

B. 11111011001.01 2 = 7D9.4, 6 

C. 110001101.00010010101 2 = 18D.12A, 6 

25. A. AE7.D2, 6 = 1010 1110 0111.1101 0010 2 

= 101011100111. 1101001 2 

B. 2C5.2lF8, 6 = 1011000101.0010000111111 2 

C. 1B6.64E 16 = 110110110.01100100111 2 
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Converting a decimal number into its binary equivalent is called "cod- 
ing. " A decimal number is expressed as a binary code or binary number. 
The binary number system, as discussed, is known as the pure binary 
code. This name distinguishes it from other types of binary codes. This 
section will discuss some of the other types of binary codes used in 
computers. 



Binary Coded Decimal 

The decimal number system is easy to use because it is so familiar. The 
binary number system is less convenient to use because it is less familiar. 
It is difficult to quickly glance at a binary number and recognize its 
decimal equivalent. For example, the binary number 1010011 represents 
the decimal number 83 . It is difficult to tell immediately by looking at the 
number what its decimal value is. However, within a few minutes, using 
the procedures described earlier, you could readily calculate its decimal 
value. The amount of time it takes to convert or recognize a binary 
number quantity is a distinct disadvantage in working with this code 
despite the numerous hardware advantages. Engineers recognized this 
problem early and developed a special form of binary code that was more 
compatible with the decimal system. Because so many digital devices, 
instruments and equipment use decimal input and output, this special 
code has become very widely used and accepted. This special com- 
promise code is known as binary coded decimal (BCD). The BCD code 
combines some of the characteristics of both the binary and decimal 
number systems. 

8421 BCD Code The BCD code is a system of representing the decimal 
digits 0 through 9 with a four-bit binary code. This BCD code uses the 
standard 8421 position weighting system of the pure binary code. The 
standard 8421 BCD code and the decimal equivalents are shown in Figure 
1-11, along with a special Gray code that will be described later. As with 
the pure binary code, you can convert the BCD numbers into their deci- 
mal equivalents by simply adding together the weights of the bit posi- 
tions whereby the binary I's occur. Note, however, that there are only ten 
possible valid 4-bit code arrangements. The 4-bit binary numbers repre- 
senting the decimal numbers 10 through 15 are invalid in the BCD 
system. 
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DECIMAL 


8421 BCD 


GRAY 


BINARY 


o 


0000 


0000 


0000 


1 


0001 


0001 


0001 


2 


0010 


0011 


0010 


3 


0011 


0010 


0011 


4 


0100 


0110 


0100 


5 


0101 


0111 


0101 


6 


0110 


0101 


0110 


7 


0111 


0100 


0111 


8 


1000 


1100 


1000 


9 


1001 


1101 


1001 


10 


0001 0000 


1111 


1010 


11 


0001 0001 


1110 


1011 


12 


0001 0010 


1010 


1100 


13 


0001 0011 


1011 


1101 


14 


0001 0100 


1001 


1110 


15 


0001 0101 


1000 ? 


1111 



Figure 1-11 

Codes. 



To represent a decimal number in BCD notation, substitute the appro- 
priate 4-bit code for each decimal digit. For example, the decimal integer 
834 in BCD would be 1000 0011 0100. Each decimal digit is represented 
by its equivalent 842 1 4-bit code. A space is left between each 4-bit group 
to avoid confusing the BCD format with the pure binary code. This 
method of representation also applies to decimal fractions. For example, 
the decimal fraction 0.764 would be 0.0111 0110 0100 in BCD. Again, 
each decimal digit is represented by its equivalent 842 1 4-bit code, with a 
space between each group. 

An advantage of the BCD code is that the ten BCD code combinations are 
easy to remember. Once you begin to work with binary numbers regu- 
larly, the BCD numbers may come to you as quickly and automatically as 
decimal numbers. For that reason, by simply glancing at the BCD rep- 
resentation of a decimal number you can make the conversion almost as 
quickly as if it were already in decimal form. As an example, convert a 
BCD number into its decimal equivalent. 



0110 0010 1000.1001 0101 0100 = 628.954 
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The BCD code simplifies the man-machine interface but it is less efficient 
than the pure binary code. It takes more bits to represent a given decimal 
number in BCD than it does with pure binary notation. For example, the 
decimal number 83 in pure binary form is 1010011. In BCD code the 
decimal number 83 is written as 1000 0011. In the pure binary code, it 
takes only seven bits to represent the number 83. In BCD form, it takes 
eight bits. It is inefficient because, for each bit in a data word, there is 
usually some digital circuitry associated with it. The extra circuitry 
associated with the BCD code costs more, increases equipment complex- 
ity, and consumes more power. Arithmetic operations with BCD numbers 
are also more time consuming and complex than those with pure binary 
numbers. With four bits of binary information, you can represent a total of 
2 4 = 16 different states or the decimal number equivalents 0 through 15. 
In the BCD system, six of these states (10-15), are wasted. When the BCD 
number system is used, some efficiency is traded for the improved 
communications between the digital equipment and the human operator. 

Decimal-to-BCD conversion is simple and straightforward. However, 
binary-to-BCD conversion is not direct. An intermediate conversion to 
decimal must be performed first. For example, the binary number 
1011.01 is converted into its BCD equivalent. 

First the binary number is converted to decimal. 

1011.01 2 = (1 x 2 3 ) + (0 x 2 2 ) + (ix 2 1 ) + (1 X 2°) 4- (0 x 2" 1 ) 4- (1 x 2~ 2 ) 
= 8 + 0 + 2 + 14-0 + 0.25 
- H.25 l0 

Then the decimal result is converted to BCD. 
11.25 10 = 0001 0001.0010 0101 

To convert from BCD to binary, the previous operation is reversed. For 
example, the BCD number 1001 0110.0110 0010 0101 is converted into its 
binary equivalent. 
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First, the BCD number is converted to decimal. 
1001 0110.0110 0010 0101 = 96.625 10 
Then the decimal result is converted to binary. 
96.625 10 = 96 10 + 0.625 10 



96 


+ 2 =48 


48 


+ 2 = 24 


24 


- 2 = 12 


12 


-2=6 


6 


+ 2 =3 


3 


-2 = 1 


1 


-2=0 



LSB 



0 
0 
0 
0 

1 
1 



— MSB 



96 10 = 1100000 2 



0.625 X 2 = 1.25 = 0.25 
0.250 X 2 = 0.50 = 0.50 
0.500 X 2 = 1.00 = 0 



with overflow 



1 MSB 
0 

1 LSB 



3 



625 10 = 0.101 



96.62 5 10 = 96 10 + 0.625 10 = 1100000 2 + 0.101 2 = 1100000.101 2 
Therefore: 

1001 0110.0110 0010 0101 = 96.625 10 = 1100000.101 2 

Because the intermediate decimal number contains both an integer and 
fraction, each number portion is converted as described under "Binary 
Number System." The binary sum (integer plus fraction) 1100000.101 is 
equivalent to the BCD number 1001 0110.0110 0010 0101. 
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0000 


0000 


0000 


1 


0001 


0001 


0001 


2 


0010 


0011 


0010 


3 


0011 


0010 


0011 


4 


0100 


0110 


0100 


5 


0101 


0111 


0101 


6 


0110 


01U1 


0110 


7 


0111 


0100 


0111 


8 


1000 


1100 


1000 


9 


1001 


1101 


1001 


10 


0001 0000 


1111 


1010 


H 


0001 0001 


1110 


1011 


12 


0001 0010 


1010 


1100 


13 


0001 0011 


1011 


1101 


14 


0001 0100 


1001 


1110 


15 


0001 0101 


1000 


1111 



Figure 1-11 
Codes. 
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Special Binary Codes 



Besides the standard pure binary coded form, the BOD numbering system 
is by far the most widely-used digital code. You will find one or the other 
in most of the applications that you encounter. However, there are several 
other codes that are used for special applications, such as the "Gray 
Code." 



The Gray Code is a widely-used, non-weighted code system. Also known 
as the cyclic, unit distance or reflective code, the Gray code can exist in 
either the pure binary or BCD formats. The Gray code is shown in Figure 
1-11. As with the pure binary code, the first ten codes are used in BCD 
operations. Notice that there is a change in only one bit from one code 
number to the next in sequence. You can get a better idea about the Gray 
code sequence by comparing it to the standard 4-bit 8421 BCD code and 
the pure binary code also shown in Figure 1-11. For example, consider 
the change from 7 (0111) to 8 (1000) in the pure binary code. When this 
change takes place, all bits change. Bits that were l's are changed to 0's 
and 0's are changed to l's. Now notice the code change from 7 to 8 in the 
Gray code. Here 7 (0100) changes to 8 (1100). Only the first bit changes. 

The Gray code is generally known as an error minimizing code because it 
greatly reduces confusion in the electronic circuitry when changing from 
one state to the next. When binary codes are implemented with electronic 
circuitry, it takes a finite period of time for bits to change from 0 to 1 or 1 to 
0. These state changes can create timing and speed problems. This is 
particularly true in the standard 8421 codes where many bits change from 
one combination to the next. When the Gray code is used, however, the 
timing and speed errors are greatly minimized because only one bit 
changes at a time. This permits code circuitry to operate at higher speeds 
with fewer errors. 



The biggest disadvantage of the Gray code is that it is difficult to use in 
arithmetic computations. Where numbers must be added, subtracted or 
used in other computations, the Gray code is not applicable. In order to 
perform arithmetic operations, the Gray code number must generally be 
converted into pure binary form. 
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Alphanumeric Codes 

Several binary codes are called alphanumeric codes because they are 
used to represent characters as well as numbers. The two most common 
codes that will be discussed are ASCII and BAUDOT. 

ASCII Code The American Standard Code for Information Interchange 
commonly referred to as ASCII, is a special form of binary code that is 
widely used in microprocessors and data communications equipment. A 
new name for this code that is becoming more popular is the American 
National Standard Code for Information Interchange (ANSCII). However, 
this course will use the most recognized term, ASCII. ASCII is a 6-bit 
binary code that is used in transferring data between microprocessors 
and their peripheral devices, and in communicating data by radio and 
telephone. With six bits, a total of 2 6 = 64 different characters can be 
represented. These characters comprise decimal numbers 0 through 9, 
upper-case letters of the alphabet, plus other special characters used for 
punctuation and data control. A 7-bit code called full ASCII, extended 
ASCII, or USASQI can be represented by 2 7 = 128 different characters. In 
addition to the characters and numbers generated by 6-bit ASCII, 7-bit 
ASCII contains lower-case letters of the alphabet, and additional charac- 
ters for punctuation and control. The 7-bit ASCII code is shown in Figure 





COLUMN 


0 «> 


1 (3) 


2 (3) 


3 


4 


5 


6 


7 (3) 






















ROW 
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> 000 


001 


010 


011 


100 


101 


110 


111 


0 




o 

0000 


NUL 


DLE 


SP 


0 


@ 


P 


\ 


P 


1 




0001 


SOH 


DC1 


I 


1 


A 


Q 


a 


q 


2 




0010 


STX 


DC 2 




2 


B 


R 


b 


r 


3 




0011 


ETX 


DC 3 


# 


3 


C 


S 


c 


s 


4 




0100 


EOT 


DC4 


s 


4 


D 


T 


d 


t 1 


5 




0101 


ENQ 


NAK 


% 


5 


E 


U 


e 


u 


6 




0110 


ACK 


SYN 


8c 


6 


F 


V 


f 


V 


7 




0111 


BEL 


ETB 




7 


G 


W 


§ 


w 


8 




1000 


BS 


CAN 


( 


8 


H 


X 


h 


X 


9 




1001 


HT 


EM 


) 


9 


I 


Y 




y 


10 




1010 


LF 


SUB 


* 




J 


Z 


j 


z 


11 




1011 


VT 


ESC 


+ 


» 


K 


[ 


k 


( 


12 




1100 


FF 


FS 




< 


L 


\ 


I 


! 


13 




1101 


CR 


GS 






M 


I 


m 


i 


14 




1110 


SO 


RS 




> 


N 




n 




15 




1111 


SI 


US 


/ 




O 


(2) 


o 


DEL 



Figure 1-12 
Table of 7-bit American Standard Code 
for Information Interchange. 
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NOTES: 

(1) Depending on the machine using this code, the symbol may be a 
circumflex, an up-arrow, or a horizontal parenthetical mark. 

(2) Depending on the machine using this code, the symbol may be an 
underline, a back-arrow, or a heart. 



(3) Explanation of special control functions in columns 0, 1, 2, and 7. 



NUL 


XT 11 

Null 


DLE 


Data Link Escape 


i>UH 


Mart ot Heading 


DL.1 


Device Control l 


STX 


Start of Text 


DC2 


Device Control 2 


ETX 


End of Text 


DC3 


Device Control 3 


EOT 


End of Transmission 


DC4 


Device Control 4 


ENQ 


Enquiry 


NAK 


Negative Acknowledge 


ACK 


Acknowledge 


SYN 


Synchronous Idle 


BEL 


Bell (audible signal) 


ETB 


End of Transmission Block 


BS 


Backspace 


CAN 


Cancel 


HT 


Horizontal Tabulation 


EM 


End of Medium 




(punched card skip) 


SUB 


Substitute 


LF 


Line Feed 


ESC 


Escape 


VT 


Vertical Tabulation 


FS 


File Separator 


FF 


Form Feed 


GS 


Group Separator 


CR 


Carriage Return 


RS 


Record Separator 


SO 


Shift Out 


US 


Unit Separator 


si 


Shift In 


DEL 


Delete 


SP 


Space (blank) 







Figure 1-12 
(Continued.) 
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The 7-bit ASCII code for each number, letter or control function is made 
up of a 4-bit group and a 3-bit group. Figure 1-13 shows the arrangement 
of these two groups and the numbering sequence. The 4-bit group is on 
the right and bit 1 is the LSB. Note how these groups are arranged in rows 
and columns in Figure 1-12. 



4-BITJ5RO UP 

















7 


6 


5 


4 


3 


2 


1 



3-BiT GROUP 

Figure 1-13 
ASCII code word format. 



To determine the ASCII code for a given number letter or control opera- 
tion, locate that item in the table. Then use the 3- and 4-bit codes as- 
sociated with the row and column in which the item is located. For 
example, the ASCII code for the letter L is 1001 100. It is located in column 
4, row 12. The most significant 3-bit group is 100, while the least signifi- 
cant 4-bit group is 1100. When 6-bit ASCII is used, the 3-bit group is 
reduced to a 2-bit group as shown in Figure 1-14. 

In 7-bit ASCII code, an eighth bit is often used as a parity or check bit to 
determine if the data (character) has been transmitted correctly. The 
value of this bit is determined by the type of parity desired. Even parity 
means the sum of all the 1 bits, including the parity bit, is an even 
number. For example, if G is the character transmitted, the ASCII code is 
1000111. Since four l's are in the code, the parity bit is 0. The 8-bit code 
would be written 01000111. 

OddParity means the sum of all the 1 bits, including the parity bit, is an 
odd number. If the ASCII code for G was transmitted with odd parity, the 
binary representation would be 11000111. 
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0010 
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0011 
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3 
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0100 
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D 


T 


0101 
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E 
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0110 


8c 
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F 


V 


0111 




7 


G 


w 


1000 


( 


8 


H 


X 


1001 


) 


9 


I 


Y 


1010 


* 




J 


Z 


1011 


+ 




K 


[ 


1100 




< 


L 


\ 


1101 






M 


1 


1110 




> 


N 


(i) 


1111 


/ 


3 


O 


(2) 



Figure 1-14 
Table of 6-bit American Standard Code 
for Information Interchange. 



NOTES: 

(1) Depending on the machine using this code, the symbol may be a 
circumflex, an up-arrow, or a horizontal parenthetical mark. 

(2) Depending on the machine using this code, the symbol may be an 
underline, a back-arrow, or a heart. 

(3) SP — Space (blank) for machine control. 
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BAUDOT Code While the ASCII code is used almost exclusively with 
microprocessor peripheral devices (CRT display, keyboard terminal, 
paper punch/reader, etc.) , there are many older printer peripherals that 
use the 5-bit BAUDOT code. With five data bits, this code can represent 
only 2 5 = 32 different characters. To obtain a greater character capability, 
26 of the 5-bit codes are used to represent two separate characters. As 
shown in Figure 1-15, one set of 5-bit codes represents the 26 upper-case 
alphabet letters. The same 5-bit codes also represent various figures and 
the decimal number series 0 through 9. 

The remaining six 5-bit codes are used for machine control and do not 
have a secondary function. Two of these 5-bit codes determine which of 
the 26 double (letter/figure) characters can be transmitted/received. Bit 
number 11111 forces the printer to recognize all following 5-bit codes as 
letters. Bit number 11011 forces figure recognition of all the following 
5-bit codes. For example, to type 56 NORTH 10 STREET, the following 
method is used. 



Type — Figures 5 6 Space 
Then — Letters NORTH Space 
Then — Figures 1 0 Space 



Finally — Letters STREET 



HEATHKIT 

CONTINUING Number Systems and Codes 
EDUCATION * 



Rit Miimnopc 

5 4 3 2 1 


T ott ore Paco 


Ciniirac P aco 
F lgUrtJb L^dbtJ 


n n n n n 

\J KJ \J U U 


RlaTilr 

D ldllJs. 


Riant 


n n n n 1 
u u u U 1 


£i 


q 


U U U 1 u 




T ino m ann 

Liine r eea 


n n n 1 1 

U U U 1 1 


A 

A 




n n 1 n n 




opsce 


0 0 10 1 


s 


JJ Gil 


n n 1 1 n 


T 
X 


Q 
O 


n n 1 1 1 


TT 


7 


U 1 u u u 


Par Rpf 


Par Pot 
LjBT. 1x61. 


n 1 n n 1 


n 

u 


3> 


n 1 n 1 n 


0 

IV 




n 1 n 1 1 


T 
) 


f AnncV 


n 1 1 n n 

U 1 1 u u 




^ LjCJXHIUdJ , 


n 1 1 n 1 

U 1 1 U 1 


r 


f 


0 1110 


p 




U 1 1 1 1 


rv 




i n n n n 

1 u u u u 


T 
1 


0 


1 n n n 1 


7 


it 


1 n n 1 n 

1 U U 1 u 


T 

Li 


) 


1 n n 1 1 

1 U U 1 1 


VV 


z 


1 n 1 n n 


U 

n 




10 10 1 


V 




1 n 1 1 n 


p 

r 


n 
U 


1 n 1 1 1 

1 U 1 1 1 




1 


1 1 n n n 
1 1 U U U 


KJ 


y 


110 0 1 


B 


? 


110 10 


G 


& 


110 11 


Figures 


Figures 


1110 0 


M 




1110 1 


X 


/ 


11110 


V 




11111 


Letters 


Letters 



Figure 1-15 
5-bit BAUDOT code table. 
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26. The BCD code is more convenient to use than the binary code 
because: 



A. it uses less bits. 

B. it is more compatible with the decimal number system. 

C. it is more adaptable to arithmetic computations. 

D. there are more different coding schemes available. 

27. Convert the following decimal numbers to 8421 BCD code. 



A. 1049 

B. 267 
. C. 835 



28. Convert the following 8421 BCD code numbers to decimal. 



A. 1001 0110 0010 

B. 0111 0001 0100 0011 

C. 1010 1001 1000 

D. 1000 0000 0101 



29. Convert the following binary numbers to 8421 BCD code. 

A. 101110.01 

B. 1001.0101 

C. 11011011.0001 
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30. Convert the following 8421 BCD codes to binary. 

A. 0001 1000 0010.0101 

B. 0010 1001 0000.0010 0101 

C. 1101 0110 0011.0101 

D. 0110 1000.0001 0010 0101 

31. Which code is best for error minimizing? 

A. 8421 BCD 

B. pure binary 

C. Gray 

32. The ASCII and BAUDOT codes are a form of 

codes. 

33. To determine if the correct ASCII character has been transmitted, a 
bit is often added to the code. 

34. Which type of parity is used when the 8-bit ASCII character 
01000111 is transmitted? 

A. odd 

B. even 

35. Refer to Figure 1-12 and convert the following characters into their 
ASCII 7-bit binary code. 

A. B 

B. X 

C. 3 

D. S 

36. Refer to Figure 1-12 and convert the following ASCII 7-bit binary 
codes to their character equivalents. 

A. 0110010 

B. 1010110 

C. 1011010 

D. 1001110 
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Answers 

26. B. More compatible with the decimal system. 

27. A. 0001 0000 0100 1001 

B. 0010 0110 0111 

C. 1000 0011 0101 

28. A. 962 

B. 7143 

C. Invalid (1010 represents a decimal digit greater than 9) 

D. 805 

29. A. 101110.01 2 = (1 X 2 5 ) + ( 0 X 2 4 ) + (1 X 2 3 ) + (1 X 2 2 ) + (1 X 2 1 ) 

+ (0 X 2°) + (0 X 2" 1 ) + (1 X 2" 2 ) 
= 32+0 + 8 + 4 + 2+ 0 + 0 + 0.25 
= 46.25 10 
46.25 10 = 0100 0110.0010 0101 
lOlllO.Olj = 0100 0110.0010 0101 

B. 1001.0101 2 = 1001.0011 0001 0010 0101 

C. 11011011.0001 2 = 0010 0001 1001.0000 0110 0010 0101 
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30. A. 



33 
34 
35 



36. 



0001 1000 0010.0101 
182.5,0 



182.5 10 
182,0 + 0.5,o 



182 H 


- 2 - 91 


with remainder 0 •*— 


91 H 


- 2 = 45 


1 


45 h 


- 2 = 22 


1 


22 H 


- 2 = 11 


0 


11 - 


-2 = 5 


1 


5 - 


1-2 = 2 


1 


2 - 


r 2 = 1 


0 


1 - 


r 2 = 0 





LSB 



182,o = IOIIOIIOJ 



0.5 x 2 = 1.00 = 0 



overflow 



MSB 
LSB 



0.5,0 = O I2 1 



182.5,o = 182,o + 0.5,o = 10110110 2 + 0.1 2 = 10110110.1 2 
0001 1000 0010.0101 = 10110110.1 2 

B. 0010 1001 0000.0010 0101 = 100100010.01 2 

C. invalid (1101 represents a decimal digit greater than 9) 

D. 0110 1000.0001 0010 0101 = 1000100.001 2 

31. Gray 

32. Alpha numeric 

Parity 
Even 



A. 
B. 
C. 
D. 

A. 2 

B. V 

C. Z 

D. N 



1000010 
1011000 
0110011 
1010011 
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EXPERIMENTS 1 AND 2 



Perform Experiments 1 and 2 in the Experiment Section, Unit 9 of the 
course. After you finish the experiment, return to this unit and complete 
the "Unit Examination.' ' 



* 
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UNIT EXAMINATION 

This examination will test your knowledge of the important facts in this 
unit. It will tell you what you have learned and what you need to review. 
Answer all questions first; then check your work against the correct 
answers given later. 

1. Indicate the base or radix of the following number systems. 

A. Octal 

B. Decimal 

C. Hexadecimal 

D. Binary 

2. Write the following numbers using positional notation. 

A. 1101.011 2 

B. 1010.01 10 

C. 1001. 101 8 . 

D. 1110. 11 16 

3. Convert the following numbers to decimal. 

A. 10011.011 2 

B. 752.31 8 

C. A8C.5F 16 

4. Convert the following numbers to binary. 

A. 105.0625 10 

B. 374.24 8 

C. F19.6C 16 

5. Convert the following numbers to octal. 

A. 638.3125 10 

B. 10010101.0110101 2 

6. Convert the following numbers to hexadecimal. 



A. 9587.03125 10 

B. 1101101101 010.101110101 2 
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7. The ASCII and BAUDOT codes are a form of 
codes. 



8. Convert the following numbers to 8421 BCD code. 

A. 521.372 10 

B. lOlO.Ollo 



9. Convert the 8421 BCD code 1001 0101.0111 0011 to decimal. 



10. Convert the 8421 BCD code 0101 0011.0111 0101 to binary. 



11. Which type of parity is used when the 8-bit ASCII character 
01110111 is transmitted? 



A. Odd 

B. Even 



12 . The BAUDOT code uses bit numbers to generate a 

character. 

13. Using only your knowledge of binary codes, identify the Gray code. 



Decimal 


a 


b 


c 


d 


0 


0000 


0000 


0000 


0011 


1 


0001 


0001 


0001 


0100 


2 


0011 


0010 


0010 


0101 


3 


0010 


0011 


0011 


0110 


4 


0110 


0100 


0100 


0111 


5 


0111 


0101 


1011 


1000 


6 


0101 


0110 


1100 


1001 


7 


0100 


0111 


1101 


1010 


8 


1100 


1000 


1110 


1011 


9 


1101 


1001 


1111 


1100 
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MICROPROCESSORS 



INTRODUCTION 



A microprocessor is a very complex electronic circuit. It consists of 
thousands of microscopic transistors squeezed onto a tiny chip of silicon 
that is often no more than one-eighth inch square. The chip is placed in a 
package containing up to about 40 leads. 

The thousands of transistors that make up the microprocessor are ar- 
ranged to form many different circuits within the chip. From the 
standpoint of learning how the microprocessor operates, the most impor- 
tant circuits on the chip are registers, counters, and decoders. In this unit, 
you will learn how these circuits can work together to perform simple but 
useful tasks. 
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UNIT OBJECTIVES 

When you have completed this unit you will be able to: 



1. Define the terms: microprocessor, microcomputer, input, output, 
I/O, I/O device, I/O port, instruction, program, stored program 
concept, word, byte, MPU, ALU, operand, memory, address, read, 
write, RAM, fetch, execute, MPU cycle, mnemonic, opcode, and 
bus. 



2. Explain the purpose of the following circuits in a typical micro- 
processor: accumulator, program counter, instruction decoder, 
controller sequencer, data register, and address register. 

3. Using a simplified block diagram of a hypothetical microprocessor, 
trace the data flow that takes place between the various circuits 
during the execution of a simple program. 

4. Describe the difference between inherent, immediate, and direct 
addressing. 

5. Write simple, straight-line programs that can be executed by the 
ET-3400 Microprocessor Trainer. 
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UNIT ACTIVITY GUIDE 

Completion 
Time 

I I Read Section on Terms and Conventions. 

I I Complete Self-Test Review Questions 1 — 11. 

I I Read Section on An Elementary Microcomputer. 

□ Complete Self-Test Review Questions 12 — 30. 

I I Read Section on Executing a Program. 

□ Complete Self-Test Review Questions 31—40. 

I I Read Section on Addressing Modes. 

I I Complete Self-Test Review Questions 41 — 50. 

I | Perform Experiment 3. 

I | Complete Unit Examination. 

I I Check Examination Answers. 
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TERMS AND CONVENTIONS 



A microprocessor is a logic device that is used in digital electronic 
systems. It is also being used by hobbyists, experimenters and low- 
budget research groups as a low-cost, general-purpose computer. But a 
distinction should be made between the microprocessor and the micro- 
computer. 

The microprocessor unit, or MPU, is a complex logic element that per- 
forms arithmetic, logic, and control operations. The trend is to package it 
as a single integrated circuit. 

A microcomputer contains a microprocessor, but it also contains other 
circuits such as memory devices to store information, interface adapters 
to connect it with the outside world, and a clock to act as a master timer 
for the system. Figure 2-1 shows a typical microcomputer in which these 
additional circuits are added. The arrows represent conductors over 
which binary information flows. The wide arrows represent several con- 
ductors connected in parallel. A group of parallel conductors which carry 
information is called a bus. 
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Figure 2-1 
A Basic Microcomputer 
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The microcomputer is composed of everything inside the dotted line. 
Everything outside the dotted line is referred to as the outside world, and 
all microcomputers must have some means of communicating with it. 
Information received by the microcomputer from the outside world is 
referred to as input data. Information transmitted to the outside world 
from the microcomputer is referred to as output data. 

Input information may come from devices like paper tape readers, type- 
writers, mechanical switches, keyboards, or even other computers. Out- 
put information may be sent to video displays, output typewriters, paper 
tape punches, or line printers. Some devices such as the teletypewriter 
can serve as both an input and an output device. These devices are 
referred to as input/output or I/O devices. The point at which the I/O 
device connects to the microcomputer is called an I/O port. 
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Stored Program Concept 

A microcomputer is capable of performing many different operations. It 
can add and subtract numbers and it can perform logical operations. It 
can read information from an input device and transmit information to an 
output device. In fact, depending on the microprocessor used, there may 
be 100 or more different operations that the microcomputer can perform. 
Moreover, two or more individual operations can be combined to perform 
much more complex operations. 

In spite of all its capabilities, the computer will do nothing on its own 
accord. It will do only what it is told to do, nothing more and nothing less. 
You must tell the computer exactly what operations to perform and the 
order in which it should perform them. The operations that the computer 
can be told to perform are called instructions A few typical instructions 
are ADD, SUBTRACT, LOAD INDEX REGISTER, STORE AC- 
CUMULATOR, and HALT. 

A group of instructions that allow the computer to perform a specific job 
is called a program. One who writes these instructions is called a prog- 
rammer. To design with microprocessors, the engineer must become a 
programmer. To repair microprocessor-based equipment, the technician 
must understand programming. Generally, the length of the program is 
proportional to the complexity of the task that the computer is to perform. 
A program for adding a list of numbers may require only a dozen instruc- 
tions. On the other hand, a program for controlling all the traffic lights in 
a small city may require thousands of instructions. 

A computer is often compared to a calculator, which is told what to do by 
the operator via the keyboard. Even inexpensive calculators can perform 
several operations that can be compared to instructions in the computer. 
By depressing the right keys, you can instruct the calculator to add, 
subtract, multiply, divide, and clear the display. Of course, you must also 
enter the numbers that are to be added, subtracted, etc. With the cal- 
culator, you can add a list of numbers as quickly as you can enter the 
numbers and the instructions. That is, the operation is limited by the 
speed and accuracy of the operator. 

From the start, computer designers recognized that it was the human 
operator that slowed the computation process. To overcome this, the 
stored program concept was developed. Using this approach, the pro- 
gram is stored in the computer's memory. Suppose, for example, that you 
have 20 numbers that are to be manipulated by a program that is com- 
posed of 100 instructions. Let's further suppose that 10 answers will be 
produced in the process. 



HEATHKIT 

CONTINUING Microcomputer Basics 

EDUCATION 



Before any computation begins, the 100-instruction program plus the 20 
numbers are loaded into the computer's memory. Furthermore, 10 mem- 
ory locations are reserved for the 10 answers. Only then is the computer 
allowed to execute the program. The actual computation time might be 
less than one millisecond. Compare this to the time that it would take to 
manually enter the instructions and numbers, one at a time, while the 
computer is running. This automatic operation is one of the features that 
distinguishes the computer from the calculator. 

Computer Words 

In computer terminology, a word is a group of binary digits that can 
occupy a storage location. Although the word may be made up of several 
binary digits, the computer handles each word as if it were a single unit. 
Thus, the word is the fundamental unit of information used in the 
computer. 

A word may be a binary number that is to be handled as data. Or, the word 
may be an instruction that tells the computer which operation it is to 
perform. It may be an ASCII character representing a letter of the al- 
phabet. Finally, a word can be an "address" that tells the computer where 
a piece of data is located. 

Word Length 

In the past few years, a wide variety of microprocessors have been de- 
veloped. Their cost and capabilities vary widely. One of the most impor- 
tant characteristics of any microprocessor is the word length it can 
handle. This refers to the length in bits of the most fundamental unit of 
information. 

The most common word length for microprocessors is 8 bits. In these 
units; numbers, addresses, instructions, and data are represented by 8-bit 
binary numbers. The lowest 8-bit binary number is 0000 0000 2 or 00 16 . 
The highest is 1111 1111 2 or FF 16 . In decimal, this range is from 0 to 255 10 . 
Thus, an 8-bit binary number can have any one of 256 10 unique values. 

An 8-bit word can specify positive numbers between 0 and 255 10 . Or, if 
the 8-bit word is an instruction, it can specify any of 256 10 possible 
operations. It is also entirely possible that the 8-bit word is an ASCII 
character. In this case, it can represent letters of the alphabet, punctuation 
marks, or numerals. As you can see, the 8-bit word can represent many 
different things, depending on how it is interpreted. The programmer 
must insure that an ASCII character or binary number is not interpreted as 
an instruction. Later, you will see the consequences of making this 
mistake. 
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While the 8-bit word length is the most popular, other word lengths are 
sometimes used. The earliest microprocessor used a 4-bit word length, 
and four-bit microprocessors are still used in many cases because of their 
low cost. A few 12-bit and 16-bit microprocessors have also been de- 
veloped. 

Longer word lengths allow us to work with larger numbers. For example, 
a 16-bit word can represent numbers up to 65,535 10 . However, this capa- 
bility adds to the complexity and cost of the microprocessor. Because 
most microprocessors use 8-bit word lengths, we will restrict our discus- 
sion to units of this type. 

It should be pointed out that just because the word length is 8-bits, it does 
not mean that we are restricted to numbers below 256 10 . It simply means 
that you must use two or more words to represent larger numbers. 

The 8-bit word length defines the size of many different components in 
the microprocessor system. For example, many of the important registers 
will have 8-bit capacity. Memory will be capable of holding a large 
number of 8-bit words. And, the bus which is used to transfer data words 
will consist of eight parallel conductors. 

Even 16-bit microprocessors use 8-bit segments of data in many applica- 
tions. For example, inputs from teletypewriters often consist of 8-bit 
ASCII characters. To distinguish these 8-bit segments of information 
from the 16-bit (or longer) word lengths, another term has come into 
general use: the term byte. A byte is a group of bits that are handled as a 
single unit. Generally, a byte is understood to consist of 8-bits. In the 8-bit 
microprocessor, each word consists of one byte. But in the 16-bit 
machines, each word contains two bytes. Figure 2-2 illustrates these 
points. 
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Figure 2-2 
Words and Bytes. 



Figure 2-2 also shows how the bits that make up the computer word are 
numbered. The least significant bit (LSB) is on the right while the most 
significant bit (MSB) is on the left. In the 8-bit word, the bits are num- 
bered 0 through 7 from right to left. In the 16-bit word, the bits are 
numbered 0 through 15 as shown. The lower 8-bits are called the lower 
order byte while the upper 8-bits are called the higher order byte. 
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Self-Test Review 



1. Explain the difference between a microprocessor and a microcom- 
puter. 

2. What is a bus? 

3. Explain the difference between input and output data. 

4. Define I/O. 

5. The point at which data enters or leaves the computer is called an 



6. The operations that the computer can be told to perform are called 

7. What is a program? 

8. Explain what is meant by "stored program concept.' 1 



10. A computer word may consist of one or more 

11. What is the largest number that can be represented by an 8-bit 
computer word? By a 16-bit word? 



I/O. 



9. 



A byte generally consists of 



bits. 
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Answers 

1. A microprocessor is a logic element that can perform a variety of 
arithmetic, control, and logic operations. A microcomputer is a 
system that consists of a microprocessor, memory, interface adapt- 
ers, clock, etc. 

2. A bus is a group of conductors over which information can be 
transmitted. The conductors may be wires in a cable, foil patterns 
on a printed circuit board, or microscopic metal deposits in a 
silicon chip. 

3 . Input data is information that is entered into the computer from the 
outside world. Output data is information that is transmitted from 
the computer to the outside world. The outside world is defined as 
anything outside the computer. 

4. I/O is the abbreviation for input-output. Thus, a device that can 
send data to and accept data frQm the computer is called an I/O 
device. 

5. Port. 

6. Instructions. 

7. A program is a group of instructions that tell the computer the 
operations to be performed and the sequence in which they are to 
be performed. 

8. The stored program concept refers to the technique of storing the 
instruction to be performed in the memory section along with the 
data that is to be operated upon. 

9. 8. 

10. Bytes. 

11. 1111 1111 2 or 255 10 . 1111 1111 1111 1111 2 or 65,535 10 . 
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AN ELEMENTARY MICROCOMPUTER 



One of the difficulties you may encounter in learning about a mi- 
crocomputer for the first time is the complexity of its main component — 
the microprocessor. The microprocessor may have a dozen or more regis- 
ters varying in size from 1 bit to 16 bits. It will have scores of instructions, 
most of which can be implemented several different ways. It will have 
data, address, and control buses. In short, it can be very intimidating to 
start out by considering a full-blown microprocessor. 

A better approach is to start with a "stripped down" version. By initially 
omitting some of the processor's advanced features, we arrive at a device 
that can be readily understood and yet maintains the characteristics of an 
actual microprocessor. Strictly speaking, the microprocessor developed 
in this unit is hypothetical in nature. However, it is so close to the real 
thing that the programs we develop for it will actually run on the ET-3400 
Microprocessor Trainer. Also, as you will see later, one of the most 
popular microprocessors in use today is a vastly advanced version of our 
elementary model. 

A block diagram of a basic microcomputer is shown in Figure 2-3 , which 
shows the microprocessor, the memory, and the I/O circuitry. For 
simplicity, we will ignore the I/O circuitry in this unit. We can do this by 
assuming that the program and data are already in memory and that the 
results of any computations will be held in a register or stored in memory. 
Ultimately of course, the program and data must come from the outside 
world and the results must be sent to the outside world. But we will save 
these procedures until a later unit. This will allow us to concentrate on 
the microprocessor unit and the memory. 



Figure 2-3 
The Basic Microcomputer 
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The Microprocessor Unit (MPU) 

The microprocessor unit is shown in greater detail in Figure 2-4. For 
simplicity, only the major registers and circuits are shown. In our 
elementary unit most of the counters, registers, and buses are 8-bits wide. 
That is, they can accomodate 8-bit words. 
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Figure 2-4 
An Elementary Microprocessor. 
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One of the most important circuits in the microprocessor is the arithmetic 
logic unit (ALU). Its purpose is to perform arithmetic or logic operations 
on the data words that are delivered to it. The ALU has two main inputs. 
One comes from a register called the accumulator, and the other comes 
from the data register. The ALU can add the two input data words 
together, or it can subtract one from the other. It can also perform some 
logic operations which will be discussed in later units. The operation that 
the ALU performs is determined by signals on the various control lines 
(marked C on the block diagram). 

Generally, the ALU receives two 8-bit binary numbers from the ac- 
cumulator and the data register as shown in Figure 2-5A. Because some 
operation is performed on these data words, the two inputs are called 
operands. 
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The Arithmetic Logic Unit. 
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The two operands may be added, subtracted, or compared in some way, 
and the result of the operation is stored back in the accumulator. For 
example, assume that two numbers (7 and 9) are to be added. Before the 
numbers can be added, one operand (9) is placed in the accumulator; the 
other (7) is placed in the data register. The proper control line is then 
activated to implement the add operation. The ALU adds the two num- 
bers together, producing their sum (16 10 ) at the output. As shown in 
Figure 2-5B, the sum is stored in the accumulator, replacing the operand 
that was originally stored there. Notice that all the numbers involved are 
in binary form. 

The accumulator is the most useful register in the microprocessor. Dur- 
ing arithmetic and logic operations it performs a dual function. Before the 
operation, it holds one of the operands. After the operation, it holds the 
resulting sum, difference, or logical answer. The accumulator receives 
several instructions in every microprocessor. For example, the "load 
accumulator" instruction causes the contents of some specified memory 
location to be transferred to the accumulator. The "store accumulator" 
instruction causes the contents of the accumulator to be stored at some 
specified location in memory. 

The data register is a temporary storage location for data going to or 
coming from the data bus. For example, it holds an instruction while the 
instruction is being decoded. Also, it holds a data byte while the word is 
being stored in memory. 

The MPU also contains several other important registers and circuits: the 
address register, the program counter, the instruction decoder, and the 
controller-sequencer. These are shown in Figure 2-4. 

The address register is another temporary storage location. It holds the 
address of the memory location or I/O device that is used in the operation 
presently being performed. 

The program counter controls the sequence in which the instructions in 
a program are performed. Normally, it does this by counting in the 
sequence, 0, 1, 2, 3, 4, etc. At any given instant, the count indicates the 
location in memory from which the next byte of information is to be 
taken. 

The instruction decoder does just what its name implies. After an in- 
struction is pulled from memory and placed in the data register, the 
instruction is decoded by this circuit. The decoder examines the 8-bit 
code and decides which operation is to be performed. 
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The controller-sequencer produces a variety of control signals to carry 
out the instruction. Since each instruction is different, a different combi- 
nation of control signals is produced for each instruction. This circuit 
determines the sequence of events necessary to complete the operation 
described by the instruction. 

Later you will see how these various circuits work together to execute 
simple programs. But first, take a closer look at the memory for our 
microcomputer. 

Memory 

A simplified diagram of the 256- word, 8-bit read/write memory that is 
used in our hypothetical microcomputer is shown in Figure 2-6. The 
memory consists of 2 56 10 locations , each of which can store an 8-bit word. 
This size memory is often referred to as 256 x 8. A read/ write memory is 
one in which data can be written in and read out with equal ease. 




Figure 2-6 
The Random Access Memory. 

Two buses and a number of control lines connect the memory with the 
microprocessing unit. The address bus will carry an 8-bit binary number, 
which can specify 256 10 locations, from the MPU to the memory address 
decoder. Each location is assigned a unique number called its address. 
The first location is given the address 0. The last location is given the 
address 255 10 , which is 1111 1111 in binary and FF in hexadecimal. A 
specific location is selected by placing its 8-bit address on the address 
bus. The address decoder decodes the 8-bit number and selects the proper 
memory location. 
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The memory also receives a control signal from the MPU. This signal tells 
the memory the operation that is to be performed. A READ signal indi- 
cates that the selected location is to be read out. This means that the 8-bit 
number contained in the selected location is to be placed on the data bus 
where it can be transferred to the MPU. 

The procedure is illustrated in Figure 2-7. Assume that the MPU is to read 
out the contents of memory location 04 16 . Let's further assume that the 
number stored there is 97 16 . First, the MPU places the address 04 16 on the 
address bus. The decoder recognizes the address and selects the proper 
memory location. Second, the MPU sends a READ signal to the memory, 
indicating that the contents of the selected location are to be placed on the 
data bus. Third, the memory responds by placing the number 97 16 on the 
data bus. The MPU can then pick up the number and use it as needed. 
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Figure 2-7 
Reading from Memory. 



It should be pointed out that the process of reading out a memory location 
does not disturb the contents of that location. That is, the number 97 lfi 
will still be present at memory location 04 after the read operation is 
finished. This characteristic is referred to as nondestructive readout 
(NDRO). It is an important feature because it allows us to read out the 
same data as many times as needed. 
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The MPU can also initiate a WRITE operation. This procedure is illus- 
trated in Figure 2-8. During a WRITE operation, a data word is taken from 
the data bus and placed in the selected memory location. For example, 
let's see how the MPU can store the number 52 16 at memory location 03. 
First, the MPU places the address 03 on the address bus. The decoder 
responds by selecting memory location 03. Second, the MPU places the 
number 52 16 on the data bus. Third, the MPU sends the WRITE signal. The 
memory responds by storing the number contained on the data bus in the 
selected location. That is, 52 16 is stored in location 03. The previous 
contents of the selected location are lost as the new number is written in 
that location. 



© 

OA TA FROM 
MPU 
0101 0010 




Figure 2-8 ' 
Writing into Memory. 



The accepted name for a memory of this type is Random Access Memory 
(RAM). "Random access 1 means that all memory locations are equally 
accessible. However, in recent years RAM has come to mean a random 
access read/write memory. As you will see later, there is another type of 
memory called a read only memory (ROM) . It is also randomly accessible, 
but it does not have a write capability. Today, the accepted definition of 
RAM is a random access read/write memory. A read only memory, 
although it is randomly accessible, is called a ROM and never a RAM. 
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Fetch-Execute Sequence 

When the microcomputer is executing a program, it goes through a 
fundamental sequence that is repeated over and over again. Recall that a 
program consists of instructions that tell the microcomputer exactly what 
operations to perform. These instructions must be stored in an orderly 
manner in memory. Instructions must be fetched, one at a time, from 
memory by the MPU. The instruction is then executed by the MPU. 

The operation of the microcomputer can be broken down into two phases, 
as shown in Figure 2-9. When the microprocessor is initially started, it 
enters the fetch phase. During the fetch phase, an instruction is taken 
from memory and decoded by the MPU. Once the instruction is decoded, 
the MPU switches to the execute phase. During this phase, the MPU 
carries out the operation dictated by the instruction. 




Figure 2-9 
The Fetch-Execute Sequence. 



The fetch phase always consists of the same series of operations. Thus, it 
always takes the same amount of time. However, the execute phase will 
consist of different sequences of events, depending on what type of 
instruction is being executed. Thus, the time of the execute phase may 
vary considerably from one instruction to the next. 



A Sample Program 

Now that you have a general idea of the registers and circuits found in a 
microcomputer, we will examine how all these circuits work together to 
execute a simple program. At this point, we are primarily interested in 
showing you how the microcomputer operates. Therefore, the program 
will be a very trivial one. 
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Let's see how the computer goes about solving a problem like 7 + 10 = ? 
While this seems like an incredibly easy problem, the computer, if left to 
its own resources, does not have the foggiest notion of how to solve it. 
You must tell the computer how to solve the problem right down to the 
smallest detail. You do this by writing a program. 

Before you can write the program you must know what instructions are 
available to you and the computer. Every microprocessor comes with a 
listing of its instruction set. Assume that, after looking over the list, you 
decide that three instructions are necessary to solve the problem. These 
three instructions and a description of what they do are shown in Figure 
2-10. 



NAME 


MNEMONIC 


OPCODE 


DESCRIPTION 


Load Accumulator 


LDA 


1000 0110 2 
or 

86 t 6 


Load the contents of the next memory 
location into the accumulator. 


Add 


ADO 


1000 1011, 
or 

8B !6 


Add the contents of the next memory 
location to the present contents of the 
accumulator. Place the sum in the 
accumulator. 


Halt 


HLT 


0011 1110 2 
or 

3E 16 


Stop ail operations. 



Figure 2-10 
Instructions Used in the Sample Program. 



The first column in the table gives the name of the instruction. When 
writing programs, it is often inconvenient to write out the entire name. 
For this reason, each instruction is given an abbreviation or a memory aid 
called a mnemonic. The mnemonics are given in the second column. The 
third column is called the operation code or opcode. This is the binary 
number that the computer and the programmer use to represent the 
instruction. The opcode is given in both binary and hexadecimal form. 
The final column describes exactly what operation is performed when 
the instruction is executed. Study this table carefully; you will be using 
these instructions over and over again. 
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Assume that you wish to add 7 to 10 10 and place the sum in the ac- 
cumulator. The program is an elementary one. First you will load 7 into 
the accumulator with the LDA instruction. Next, you will add 10 10 to the 
accumulator using the ADD instruction. Finally, you will stop the com- 
puter with the HLT instruction. 

Using the mnemonics and the decimal representation of the numbers to 
be added, the program looks like this: 

LDA 7 
ADD 10 
HLT 

Unfortunately, the basic microcomputer cannot understand mnemonics 
or decimal numbers. It can interpret binary numbers and nothing else. 
Thus, you must write the program as a sequence of binary numbers. You 
can do this by replacing each mnemonic with its corresponding opcode 
and each decimal number with its binary counterpart. 

That is: 

LDA 7 becomes 1000 0110 

opcode from 
Figure 2-10 

And: 

ADD 10 becomes 1000 1011 

opcode from 
Figure 2-10 

Finally, 

HLT becomes 0011 1110 

opcode from 
Figure 2-10 



Notice that the program consists of three instructions. The first two 
instructions have two parts: an 8-bit opcode followed by an 8-bit operand. 
The operands are the two numbers that are to be added (7 and 10 10 ). 
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0000 0111 

binary representation 

for 7 



0000 1010 

binary representation 

for 10 10 
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Recall that the microprocessor and memory work with 8-bit words or 
bytes. Because the first two instructions consist of 16-bits of information, 
they must be broken into two 8-bit bytes before they can be stored in 
memory. Thus, when the program is stored in memory, it will look like 
this: 



1st 


Instruction 


1 1000 


0110 


Opcode for LDA 






(oooo 


0111 


Operand (7) 


2nd 


Instruction 


| 1000 


1011 


Opcode for ADD 






(oooo 


1010 


Operand (10 10 ) 


3rd 


Instruction 


0011 


1110 


Opcode for HLT 



Five bytes of memory are required. You can store this 5-byte program any 
place in memory you like. Assuming you store it at the first five memory 
locations, the memory can be diagrammed as shown in Figure 2-11. 





ADDRESS 


MEMORY 


HEX 


BINARY 


BINARY 
CONTENTS 


00 


oooo oooo 


1 0000 1 1 0 


01 


0000 0001 


00000 1 1 1 


02 


0000 0010 


1 0 0 0 1 0 1 1 


03 


0000 001 1 


0 0.0.0 1 0 10 


04 


0000 0100 


00111110 









MNEMONICS/ CONTENTS 

LDA 

7 

ADD 

10,n 
HLT 



FD 1111 1101 

FE 1111 1110 

FF 1111 1111 

Figure 2-11 

The Program in Memory. 

Notice that each memory location has two 8-bit binary numbers as- 
sociated with it. One is its address, the other is its contents. Be careful not 
to confuse these two numbers. The address is fixed. It is established when 
the microcomputer is built. However, the contents may be changed at any 
time by storing new data. 

Before you see how this program is executed, let's review the material 
covered in this section. 
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Self-Test Review 

12. The circuit in the microprocessor that performs arithmetic and 
logic operations is called the 

13. The numbers that are operated upon by the computer are called 



14. Where are the two operands held as they are transferred to the 
ALU? 

15. Where is the result held after an arithmetic operation? 

16. Which register in the MPU holds the instruction while the opcode 
is being decoded? 

17. Which circuit in the MPU determines the memory location from 
which the next byte of information will be taken? 

18. Which register holds the address while it is being decoded? 

19. How many memory locations can be specified by an 8-bit address? 

20. Explain the 3-step procedure for writing the number 34 16 into 
memory location 9. 

21. Define mnemonic. 

22. Define opcode. 

23. Define RAM. 

24. An instruction is retrieved from memory and decoded during the 
phase. 

25. The operation indicated by the instruction is carried out during the 
phase. 

26. In our hypothetical microcomputer, the mnemonic for the load 
accumulator instruction is 

27. The opcode for the halt instruction is 



28. When the ADD instruction is executed, where is the SUM stored? 
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29. How many memory locations are required to store the following 
program? 



LDA 


13 w 


ADD 


17,o 


ADD 


10,o 


HLT 





30. What will be the contents of the accumulator after this program is 
executed? 
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Answers 

12. Arithmetic logic unit (ALU). 

13. Operands. 

14. One is held in the accumulator; the other in the data register. 

15. In the accumulator. 

16. Data register. 

17. The program counter. 

18. The address register. 

19. 2 8 = 256 10 . 

20. Step 1. The address 9 is placed on the address bus. 
Step 2. The data 34 16 is placed on the data bus: 

Step 3. The read/write line is switched to the write state. 

21. A mnemonic is an abbreviation or memory aid. 

22. An opcode is a binary number that tells the microproces- 
sor which instruction to execute. 

23. RAM has come to mean a random access read/write mem- 
ory. 

24. Fetch. 

25. Execute. 

26. LDA. 

27 . 0011 1110 2 . 

28. In the accumulator. 

29. Seven. 

30. 40 10 or 101000 2 . 
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EXECUTING A PROGRAM 



Before a program can be run, it must be placed in memory. Later, you will 
see how this is done. For now, assume that we have already loaded the 
program developed in the previous section. 



The important registers of the microcomputer are shown in Figure 2-12. 
Notice that our 5-byte program for adding 7 and 10 10 is shown in memory. 
The following paragraphs will take you through the step-by-step proce- 
dure by which the computer executes this program. 



MICROPROCESSOR UNIT 
(MPU) 



A R I THMET1C 
LOGIC UNIT 
i ALU) 
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j PROGRAM 
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INSTRUCTION 
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/////./V.ZyIaocres 

I I I ! 1 'l I I I/ REG I STE 





a 
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/ DATA 



REGISTER 
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M EMORY 


/ 
V 


ADDRESS 


3 ! N A R \ 
CONTENTS 


MNEMONICS/ 
DEC 1 MAL 
CONTENTS 


0000 0000 


1000 ciio 


LDA 


0000 0001 


0000 3111 


7 


0000 0010 


lOCO 1011 


ADD 


0000 0011 


0000 1010 


10 


0000 Oi 00 


0011 1110 


HLT 



Figure 2-12 
The Program Counter is Set to the Ad- 
dress of the First Instruction. 



To begin executing the program, the program counter must be set to the 
address of the first instruction. In this case, the first instruction is in 
memory location 0000 0000, so the program counter is set accordingly. 
The procedure for setting the program counter to the proper address will 
be discussed later. 
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The Fetch Phase 

The first step is to fetch the first instruction from memory. The sequence 
of events that happen during the fetch phase is controlled by the 
controller-sequencer. It produces a number of control signals which will 
cause the events illustrated in Figure 2-13 through 2-17 to occur. 

First the contents of the program counter are transferred to the address 
register as shown in Figure 2-13. Recall that this is the address of the first 
instruction. 
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B INARY 

CONTENTS 


MNEMONICS/ 
DECIMAL 
CONTENTS 


0000 0000 


1000 0110 


LDA 


0000 0001 


0000 0111 


1 


0000 0010 


1000 1011 


ADD 


0000 0011 


0000 1010 


10 


0000 0100 


0011 1110 


HLT 









Figure 2-13 
The Contents of the Program Counter 
are Transferred to the Address Regis- 
ter. 



2-30 



UNIT TWO 



HEATHKIT 

CONTINUING 
EDUCATION 



Once the address is safely in the address register, the program counter is 
incremented by one. That is, its contents change from 0000 0000 to 0000 
0001 (Figure 2-14). Notice that this does not change the contents of the 
address register in any way. 
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Figure 2-14 
The Program Counter is Incremented. 
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Next, the contents of the address register (0000 0000) are placed on the 
address bus (Figure 2-15). The memory circuits decode the address and 
select memory location 0000 0000. 
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Figure 2-15 
The Address of the First Instruction is 
Placed on the Address Bus. 
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The contents of the selected memory location are placed on the data bus 
and transferred to the data register in the MPU. After this operation, the 
opcode for the LDA instruction will be in the data register as shown in 
Figure 2-16. 
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Figure 2-16 
The Opcode of the First Instruction is 
Placed on the Data Bus. 
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The next step is to decode the instruction (Figure 2-17). The opcode is 
transferred to the instruction decoder. This circuit recognizes that the 
opcode is that of an LDA instruction. It informs the controller-sequencer 
of this fact and the sequencer produces the necessary control pulses to 
carry out the instruction. This completes the fetch phase of the first 
instruction. 
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Figure 2-17 
The Opcode is Decoded. 
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The Execute Phase 



The first instruction was fetched from memory and decoded during the 
fetch phase. The MPU now knows that this is an LDA instruction. During 
the execute phase, it must carry out this instruction by reading out the 
next byte of memory and placing it in the accumulator. 

The first step is to transfer the address of the next byte from the program 
counter to the address register (Figure 2-18). You will recall that the 
program counter was incremented to the proper address (0000 0001) 
during the previous fetch phase. 
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Figure 2-18 
The Contents of the Program Counter 
are Transferred to the Address Regis- 
ter. 
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The next two operations are shown in Figure 2-19. First, the program 
counter is incremented to 0000 0010 in anticipation of the next fetch 
phase. Second, the contents of the address register (000 0001) are placed 
on the address bus. 
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Figure 2-19 
The Program Counter is Incremented; 
the Contents of the Address Register 
are Placed on the Address Bus. 
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The address is decoded and the contents of memory location 0000 0001 
are loaded into the data register as shown in Figure 2-20. Recall that this 
is the number 7. An instant later, the number is transferred to the ac- 
cumulator. Thus, the first execute phase ends with the number 7 in the 
accumulator. 
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The First Operand is Transferred to the 
Accumulator Via the Data Register. 



Fetching the Add Instruction 

The next instruction in our program is the ADD instruction. It is fetched 
from memory using the same procedure outlined above. Figure 2-21 
illustrates this five-step procedure: 

1. The contents of the program counter (0000 0010) are transferred 
to the address register. 
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2. The program counter is incremented to 0000 0011. 

3. The address is placed on the address bus. 

4. The contents of the selected memory location are transferred to 
the data register. 

5. The contents of the data register are decoded by the instruction 
decoder. 




Figure 2-21 
Fetching the ADD Instruction. 



The data word fetched from memory is the opcode for the ADD instruc- 
tion. Thus, the controller-sequencer produces the necessary control 
pulses to execute this instruction. 
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Executing the Add Instruction 

The execution of the ADD instruction is a six-step procedure. This proce- 
dure is illustrated in Figure 2-22. 

1. The contents of the program counter (0000 0011) are transfer- 
red to the address register. 

2. The program counter is incremented to 0000 0100 in anticipa- 
tion of the next fetch phase. 

3. The address of the operand is placed on the address bus. 

4. The operand (10 10 ) is transferred to the data register. 

5A. The operand (10 10 ) is transferred into one input of the ALU. 

5B. Simultaneously., the other operand (7) is transferred from the 
accumulator to the other input of the ALU. 

6. The ALU adds the two operands. Their sum (0001 0001 2 or 
17 10 ) is loaded into the accumulator, destroying the number (7) 
that was previously stored there. 
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Figure 2-22 
Executing the ADD Instruction. 



The computation portion of our program ends with the sum of the two 
operands in the accumulator. However, the program is not finished until 
it tells the computer to stop executing instructions. 
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Fetching and Executing the HLT Instruction 

The final instruction in the program is a HLT instruction. It is fetched 
using the same fetch procedure as before. The five steps are illustrated in 
Figure 2-23. The address comes from the program counter via the address 
register. When this address is placed on the address bus, memory loca- 
tion 0000 0100 is read out and the opcode for HLT is loaded into the data 
register. The opcode is decoded and the instruction is executed. 

The execution of the HLT instruction is very simple. The controller- 
sequencer simply stops producing control signals. Consequently, all 
computer operations stop. Notice that the program has accomplished our 
objective of adding 7 10 to 10 10 . The resulting sum, 17 10 , is in the ac- 
cumulator. 
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Figure 2-23 
Fetching and Executing the HLT In- 
struction. 
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Self-Test Review 

Examine this sample program carefully and answer the questions below: 

LDA 8 
ADD 7 
ADD 4 
HLT 

31. During the first fetch phase, what binary number is loaded into the 
data register? 

32. During the first execute phase the number 0000 1000 2 is loaded into 
the 

33. During the second fetch phase, what binary number is loaded into 
the data register? 

34. If the first byte of the program is placed in address 0000 0000, what 
is the address of the first ADD instruction? 

35. How many bytes of memory are taken up by the program? 

36. What number is in the accumulator during the third fetch phase? 

37. When the program is finished running, what number is in the 
accumulator? 

38. What is the final number in the program counter? 

39. What are the final contents of the address register? 

40. What are the final contents of the data register? 
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Answers 

31. The opcode for the LDA instruction, 1000 0110 2 . 

32. Accumulator. 

33. The opcode for ADD, 1000 1011. 

34. 0000 0010 2 . 

35. Seven. 

36. 15 10 or 0000 1111 2 . 

37. 19 10 or 0001 0011 2 . 

38. 7 10 or 0000 0111 2 . 

39. 6 10 or 0000 0110 2 . 

40. The opcode for the HLT instruction, 0011 1110 2 . 
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ADDRESSING MODES 

If you examine the program discussed in the previous section, you will 
find that it uses two distinctly different types of instructions. One type of 
instruction requires an operand. LDA and ADD are examples of this type. 
These are two-byte instructions. The first byte is the opcode; the second is 
the operand. 

Microprocessors also have single-byte instructions. HLT is a good exam- 
ple. This instruction requires no operand; thus, it can be implemented 
with a single byte. 

Instructions can be classified in several different ways. One of the most 
basic distinctions is their addressing mode. The addressing mode refers 
to the method by which an instruction addresses its operand. 
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Inherent or Implied Addressing 

Single-byte instructions have no operand or the operand is implied by the 
opcode itself. For example, the HLT instruction has no operand at all. 
However, some single-byte instructions may have an implied operand. 
An example is the "increment accumulator" instruction. The number 
that is operated upon (incremented) is the number in the accumulator. 
This instruction simply adds one to the contents of the accumulator. This 
type of addressing will be referred to in this course as implied addressing 
or inherent addressing. The operations performed during an instruction 
of this type are illustrated in Figure 2-24. 




Figure 2-24 
Operations Performed in the Inherent 
or Implied Addressing Mode. 
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Immediate Addressing 

In our previous program, the two-byte instructions use the immediate 
addressing mode. In this mode, the operand is the byte immediately 
following the opcode. That is, the byte of data that is to be operated upon 
is the second byte of the instruction. When these two-byte instructions 
are stored in memory, the address of the operand is the memory location 
following the opcode. The operations performed during this type of 
instruction are illustrated in Figure 2-25. 




Figure 2-25 
Operations Performed in the Im- 
mediate Addressing Mode. 
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The inherent and immediate addressing modes have two advantages. 
First, they require little memory space; one and two bytes respectively. 
This is important because memory locations cost money. Generally, the 
less memory space taken by a program, the better off we are. Second, 
these addressing modes require a minimum of execution time. The 
execution time can become important in long programs. 

The time required for an instruction to be fetched and executed is often 
given in MPU cycles. We will define an MPU cycle as the minimum time 
required to fetch a data byte from memory. Thus, the fetch phase of an 
instruction requires one MPU cycle. In inherent and immediate addres- 
sing modes, the execute phase also requires one MPU cycle. Therefore, 
the minimum time required to fetch and execute any instruction is two 
MPU cycles. As you will see later, other addressing modes will require 
more MPU cycles. 

Because of their fast execution time and their efficient use of memory, the 
inherent and immediate modes of addressing should be used wherever 
possible. However, there are many situations in which these addressing 
modes are simply not suitable. For this reason, every microprocessor will 
have instructions which use other addressing modes. 



Direct Addressing 

Most computer operations involve an operand. To realize its full poten- 
tial, the computer must be able to manipulate the operand in many 
different ways. Immediate addressing of an operand is most useful when 
the operand is a constant that is used by only one instruction in the 
program. In this case, the operand can be placed immediately after that 
instruction's opcode. 

However, there are many cases in which the operand is a variable which 
may be operated upon by many different instructions. In these cases, the 
immediate addressing mode is simply not practical and a more sophisti- 
cated form of addressing is necessary. 
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One way of solving this problem is to use the direct addressing mode. In 
this mode, an instruction requires two bytes of memory. The first byte is 
the opcode of the instruction just as before. However, the second byte is 
not the operand. Instead, the second byte is the address of the operand. 
The format of the instruction as it appears in memory is shown in Figure 
2-26. 



FIRST BYTE f_ OPCODE 
SECOND 3YTE QZDIDZD l AOORE 5 5 0F 3PERANC 

Figure 2-26 
Format of an Instruction which uses 
the Direct Addressing Mode. 

Three typical direct-addressing-mode instructions are listed in Figure 
2-27. The first is the load accumulator instruction (LDA). Read the de- 
scription carefully and note the difference between this instruction and 
the LDA immediate instruction discussed earlier. An example of each 
may help. In the immediate addressing mode, the instruction 

LDA 50 10 

means "load 50 10 into the accumulator." But in the direct addressing 
mode, the same instruction means "load the number at memory location 
50 10 into the accumulator." 



NAME 


MNEMONIC 


OPCODE 


DESCRIPTION 


Load Accumulator 


LDA 


1001 0110. 
or 

96, 6 


Load the contents of the memory 
location whose address is given by 
the next byte into the accumulator. 


Add 


ADD 


1001 1011, 
or 

9B,« 


Add the contents of the memory location 
whose address is given by the next byte 
to the present contents of the accumulator. 
Place the sum in the accumulator. 


Store Accumulator 


STA 


1001 0111, 
or 

97,, 


Store the contents of the accumulator in 
the memory location whose address is j 
given by the next byte. 



Figure 2-27 
Direct Addressing Mode Instructions. 
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You may have noticed that this instruction has a different opcode from 
the LDA immediate instruction. This is necessary to tell the MPU the 
exact nature of the instruction. That is, the opcode tells the MPU the 
addressing mode as well as the operation that is to be performed. 

The ADD instruction also has a slightly different meaning in the direct 
addressing mode. Recall that, in the immediate addressing mode, 

ADD 10 10 

means "add 10 10 to the contents of the accumulator." However, in the 
direct addressing mode. 

ADD 10,o 

means "add the contents of memory location 10 10 to the contents of the 
accumulator." Once again, the opcode tells the MPU the addressing 
mode. An opcode of 8B 16 means ADD immediate whereas an opcode of 
9B 16 means ADD direct. 

The last instruction shown is a store accumulator (STA) instruction. It 
tells the MPU to store the contents of the accumulator in the address 
indicated by the second byte of the instruction. 

For example: 

STA 20 10 

means "store the contents of the accumulator in memory location 20 10 ." 
Because the second byte of the instruction must be an address, there is no 
STA immediate instruction. 
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The direct addressing mode instructions require one or more additional 
MPU cycles to execute. A typical fetch-execute sequence is illustrated in 
Figure 2-28. The instruction fetch is the same regardless of the addressing 
mode. However, the execution phase is extended since the MPU must 
first obtain the address of the operand from memory and then retrieve the 
operand itself from memory. 




FETCH 
NEXT 



I NSTRUCTION 



FETCH PHASE 



EXECUTE PHASE 



Figure 2-28 
Most Direct Addressing Mode Instruc- 
tions Require Three MPU Cycles. 



Direct addressing generally requires more memory and longer execution 
times. However, there are many cases in which the added flexibility 
makes direct addressing worthwhile in spite of these disadvantages. 
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Sample Program Using Direct Addressing 

The differences between direct and immediate addressing can be illus- 
trated by a sample program. Earlier we examined a program which added 
two numbers (7 and 10). The sum was placed in the accumulator. Now 
let's look at the same program using direct addressing, only this time the 
sum will be stored in memory. 

Figure 2-29 shows the program as it would look when stored in memory. 
Assume that we have arbitrarily stored the program starting at memory 
location or address 000 1 0000 2 fl6 10 ). Addresses 16 10 and 17 10 contain the 
first instruction: 

LDA 23 10 



BINARY 


BINARY 


MNEMONICS/ 


ADDRESS 


CONTENTS 


CONTENTS 


0001 0000 
0001 0001 


1001 0110 
0001 0111 


LDA \ « * . * 

1st Instruction 

23 in ) 


0001 0010 
0001 001 1 


1001 1011 
0001 1000 


ADD | 2nd Instruction j 

24 l0 I 


0001 0100 
0001 0101 


1001 0111 
0001 1001 


STA 3rd Instruction 

25 10 ) 


0001 0110 


0011 1110 


HLT } 4th Instruction 


0001 0111 


0000 0111 


10, | °- 


0001 1000 


0000 1010 


0001 1001 


0000 0000 


Reserved for sum 



Figure 2-29 
Sample Program Using Direct Addres- 
sing. 
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This instruction tells the MPU to load the contents of memory location 
23 10 into the accumulator. Looking down to address 23 10 (0001 0111 2 ), 
you see that it contains the operand 7. Thus, the first instruction causes 7 
to be loaded into the accumulator. 

The second instruction is in memory locations 18 10 and 19 10 . It is: 



This tells the MPU to add the number at address 24 10 to the number in the 
accumulator. Address 24 10 (0001 1000 2 ) contains the number 10 10 . There- 
fore, the second instruction causes 10 10 to be added to the contents of the 
accumulator. The sum (17 10 ) is placed back in the accumulator. 

The third instruction, in locations 20 10 and 21 10 , is: 



This tells the MPU to store the contents of the accumulator in memory 
location 25 10 . After this instruction is executed, the number 17 10 will 
appear in location 25 10 . 

The final instruction tells the MPU to halt. The program illustrates the 
value of the HLT instruction. Let's assume that the HLT instruction is 
inadvertently omitted. In this case, the MPU would fetch the next byte in 
sequence and attempt to execute it as if it were an instruction. The next 
byte is the number 7 10 . This is a data word and was never intended to be an 
instruction. Nevertheless, the MPU probably has an instruction with an 
opcode of 7 10 . After executing this instruction, the MPU will continue to 
fetch and execute whatever it finds in the remaining memory locations. 
Without a HLT instruction, it has no way of knowing where the instruc- 
tions end and data begins. 



ADD 24 



10 



STA 25 



10 
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Executing the Sample Program 

The data flow within the microcomputer is slightly different for the direct 
addressing mode. Figure 2-30 shows several of the data paths within the 
microcomputer. Using this type of diagram, let's examine the data ma- 
nipulations that occur during the execution of our sample program. 



Notice that our program is loaded in memory starting at address 16 10 . The 
program counter is set to 16 10 , so the MPU is ready to begin executing the 
program. 

The first fetch phase is illustrated in Figure 2-30. During this phase: 

1. The contents of the program counter are loaded into the address 
register. 



2. The program counter is incremented to 17 



3. The contents of the address register are placed on the address 
bus. 



4. The contents of the selected memory location are transferred 
via the data bus to the data register. 

5. The contents of the data register are decoded. 



6. The MPU recognizes that an LDA direct operation is indicated. 
This concludes the fetch phase. 
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MICROPROCESSOR UNIT 
(MPU) 




mm: m$ 



Mm: mm 



00:01 toci 



loot mi 



mm mm 



■24 ■ 



25 



Figure 2-30 
Fetching the Opcode of the First In- 
struction. 
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The execute phase has two parts when direct addressing is indicated. 
Figure 2-31 illustrates the first half of the execute phase. During this half: 

1. The contents of the program counter are transferred to the ad- 
dress register. This number is the memory location that holds 
the address of the operand. 

2. The program counter is incremented to 18 10 . 

3. The contents of the address register are placed on the address 
bus. 

4. The contents of the selected memory location are placed on the 
data bus. However, in the direct addressing mode, this data is 
transferred to the address register. Thus, 23 10 goes into the 
address register, replacing the previous contents. After this cy- 
cle, the address register will appear as shown in Figure 2-32. 
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MICROPROCESSOR UNIT 
(MPU) 



ARITHMETIC 
LOGIC UNIT , ; . 
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- CLOCK 
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■CONTROL 
" LINES 



MEMORY / 
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Mi. 
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..KIT; 



t 
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Figure 2-31 
Fetching the Address of the First Operand 
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During the second half of the execute phase, the operand is loaded into 
the accumulator as shown in Figure 2-32. The procedure is: 

1. The address of the operand which is in the address register is 
placed on the address bus. 

2. The operand is read out of memory location 23 10 and is transfer- 
red via the data bus to the data register. 

3. The operand is transferred from the data register to the ac- 
cumulator. 

This completes the execution of the first instruction. Notice that the first 
operand (7 10 ) is now in the accumulator. 
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Figure 2-32 
Fetching the First Operand. 
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The fetch phase for the second instruction is similar to that of the first. As 
shown in Figure 2-33, it causes the opcode of the ADD instruction to be 
read out of address 18 10 . The opcode is transferred to the instruction 
decoder via the data bus and data register. In the process, the program 
counter is incremented to 19 10 . 
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Figure 2-33 
Fetching the Opcode of the Second In- 
struction. 
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The first half of the execute phase is illustrated in Figure 2-34. Here, the 
address of the second operand is read out of memory location 19 10 and is 
placed in the address register. 
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Figure 2-34 

Fetching the Address of the Second Operand. 
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Figure 2-35 illustrates the second cycle of the execute phase. Here the 
address of the second operand is transferred from the address register to 
the address bus. The address is 24 10 . Therefore, the contents of location 
24 10 are placed on the data bus and transferred to the data register. That is, 
the second operand 10 10 is loaded into the data register. Then, the 
operand from the data register is made available at one input to the ALU. 
Simultaneously, the first operand which has been waiting in the ac- 
cumulator is made available at the other input to the ALU. The ALU adds 
the two operands together, producing a result of 17 10 . This sum is put 
back in the accumulator, replacing the previous number. 
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Figure 2-35 
Adding the Two Operands. 
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Now all that remains is to place the sum in memory. This is done by the 
STA 25 10 instruction. Since this is the next instruction in sequence, it will 
be fetched and executed next. The fetch phase is illustrated in Figure 
2-36. It ends with the STA opcode being decoded. 
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Figure 2-36 
Fetching the Third Opcode. 
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The first half of the execution phase of the STA instruction involves 
loading the address of the storage location into the address register. 
Figure 2-37 illustrates that this four-step procedure is identical to that 
performed for the previous two instructions. It ends with the address 25i 0 
in the address register. 
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Figure 2-37 
Fetching the Third Address. 
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During the final half of the execute phase, the contents of the accumulator 
are transferred to the data register and are then stored in the selected 
memory location. We have not yet discussed this operation in detail. 
Therefore, the step-by-step procedure is presented below. Refer to Figure 
2-38 for the following steps: 

1. The contents of the accumulator (17 10 ) are transferred to the data 
register. At this point, the number 17 10 exists in both the ac- 
cumulator and the data register. 

2. The address at which this data is to be stored is placed on the 
address bus. 

3. The contents of the data register are placed on the data bus. 

4. The number on the data bus is written into the selected memory 
location. That is, 17 10 is written into memory location 25 10 . 

Notice that, after this operation, the number 17 10 appears at memory 
location 25 10 , but it also appears in the accumulator. Thus, the number is 
merely "copied" into memory. It is also important to note that the previ- 
ous contents of memory location 25 10 are lost whenever you write new 
data into this location. For this reason, you must be certain that you do not 
write into a location that contains an instruction or some byte of data that 
you will need later. 

The program has now accomplished its goal. It has added 10 to 7 and has 
stored the sum back in memory. The last step in the program is the HLT 
instruction. The MPU fetches and executes this instruction next. The 
fetch and execute sequence for this instruction were discussed earlier 
and need not be repeated here. 
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Figure 2-38 
Storing the Sum. 



HEATHKIT 

CONTINUING 
EDUCATION 



2-66 



UNIT TWO 



Combining Addressing Modes 

When writing programs, you can use the addressing mode that best suits 
your application. For example, the program that was just discussed can 
be shortened by using the immediate addressing mode with the first two 
instructions. Figure 2-39 compares two programs that do the same job. 

Using direct addressing only, the program required ten bytes of memory. 
It's execution requires eleven MPU cycles. If you use immediate addres- 
sing for the first two instructions, the program requires eight bytes of 
memory. Furthermore, it can be executed in nine MPU cycles. Everything 
else being equal, the second approach would probably be preferred. 
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A. USING DIRECT ADDRESSING 



ucy 
AUUncdo 


ucy 
ntA 


MNEMONICS/ 




rnWTBMTQ 
1 CM 1 O 


COMMENTS 


00 


96 




Load accumulator direct with operand 1 


01 


A7 




which is stored at this address. 


02 


9B 




Add to accumulator direct with operand 2 


03 


08 




which is stored at this address. 


04 


97 




Store the sum 


05 


09 




at this address. 


06 


3E 




Stop 


07 


21 




Operand 1 ! 


08 


17 




Operand 2 


09 






Reserved for sum. 



B. COMBINING ADDRESSING MODES 
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01 


21 




Operand 1. 


02 
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Add to accumulator immediately with 


03 


17 




Operand 2. 


04 
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Store the sum 


05 
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Stop 
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Reserved for sum. 



Figure 2-39 
By Combining the Addressing Modes, 
We Can Save Memory Space And 

Computer Time. 
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Self-Test Review 

41. What addressing mode is used by single byte instructions? 

42. In the immediate addressing mode, what is the second byte of the 
instruction? 

43. In the direct addressing mode, what is the second byte of the 
instruction? 

44. In all addressing modes, what is the first byte of the instruction? 

45. Define MPU cycle. 

46. Which of the three addressing modes discussed so far requires the 
longest execution time? 

47. Refer to Figure 2-39A. What number is loaded into the accumulator 
by the first instruction? 

48. What number is added to the accumulator by the second instruc- 
tion? 

49. When the computer halts, what number will be in memory location 
09? 

50. Refer to Figure 2-39B. When the computer halts, what number will 
be in memory location 07? 
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Answers 

41. Inherent or implied. 

42. The operand. 

43. The address of the operand. 

44. The opcode. 

45. An MPU cycle is the time required to fetch a byte from memory. 

46. The direct addressing mode. 

47. 21 16 or33 10 . 

48. 17 16 or 23 10 . 

49. 38 16 or 56 10 . 

50. 38 16 or 56 10 . 
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EXPERIMENT 3 



Perform Experiment 3 in Unit 9 of this course. After you finish the 
experiment, return to this unit and complete the final examination. 
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UNIT EXAMINATION 

1. In microprocessor terminology, the number or piece of data that is 
operated upon is called the: 

A. Operand. 

B. Opcode. 

C. Address. 

D. Instruction. 

2 . The part of the instruction that tells the microprocessor what opera- 
tion to perform is called the: 

A. Operand. 

B. Opcode. 

C. Address. 

D. Mnemonic. 

3. The portion of the microcomputer in which instructions and data 
are stored is called the: 

A. ALU. 

B. MPU. 

C. RAM. 

D. Data bus. 

4. An 8-bit byte in memory can represent an: 

A. Opcode. 

B. Operand. 

C. Address. 

D. All of the above. 

5. During the fetch phase: 

A. The opcode is fetched from memory and is decoded. 

B. The address of the operand is fetched from memory and is 
decoded. 

C. The operand is fetched from memory and is operated upon. 

D. The program count is fetched from memory. 
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6. In what register is the result of an arithmetic operation normally 
placed? 



A. The data register. 

B. The address register. 

C. The arithmetic logic unit (ALU). 

D. The accumulator. 

7. During the fetch and execute phases of the "load accumulator 
direct" instruction, the information on the data bus will be: 



A. The operand address followed by the operand. 

B. The program count, followed by the opcode, followed by the 
operand address, followed by the operand. 

C. The opcode, followed by the operand address, followed by the 
operand. 

D. The opcode, followed by the operand. 

8. In the immediate addressing mode, the second byte of the instruc- 
tion is the: 



A. Opcode of the instruction. 

B. Number that is to be operated upon. 

C. Address of the operand. 

D. Address of the opcode. 



9. In the direct addressing mode, the second byte of the instruction is 
the: 



A. Opcode of the instruction. 

B. Number that is to be operated upon. 

C. Address of the operand. 

D. Address of the opcode. 



10. Which of the following is normally a one-byte instruction? 



A. Halt. 

B. Add immediate. 

C. Load accumulator direct. 

D. Store accumulator direct. 
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11. At the start of the fetch phase, the program counter contains: 

A. The address of the operand to be fetched. 

B. The address of the opcode to be fetched. 

C. The opcode of the instruction. 

D. The operand. 

12. Which register holds the opcode while it is being decoded? 

A. The address register. 

B. The accumulator. 

C. The data register. 

D. The program counter. 

13. The program shown in Figure 2-40: 
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HEX 


HEX 


MNEMONICS/ 


ADDRESS 


CONTENTS 


CONTENTS 


00 


86 


LDA 


01 


00 


oo 16 


02 


97 


STA 


03 


09 


09* 


04 


97 


STA 


05 


OA 


0A ltj 


06 


97 


STA 


07 


0B 


08 ,« 


08 


3E 


HLT 


09 












0B 







Figure 2-40 
Program for Question 13. 



A. Adds the contents of memory location 09, OA, and 0B. 

B. Stores 00 in locations 09, OA, 0B. 

C. Stores 09 in location 03, OA in location 05, and 0B in location 
07. 

D. Stores 0B in the accumulator. 
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14. The program shown in Figure 2-41: 



HEX 


HEX 


MNEMONICS/ 


ADDRESS 


CONTENTS 


CONTENTS 


00 


96 


LDA 


01 


09 


09;« 


02 


9B 


ADD 


03 


09 


09 1K 


04 


9B 


ADD 


05 


09 


09,« 


06 


9B 


ADD 


07 


09 


09 lfi 


06 


3E 


HLT 


09 


04 


04 w 



Figure 2-41 
Program for Question 14. 



A. Multiplies 4 times 4 and holds the product in the accumulator. 

B . Multiplies 9 times 3 and holds the product in the accumulator. 

C. Multiplies 4 times 3 and stores the product in the accumulator. 

D. Multiplies 9 times 4 and holds the product in the accumulator. 
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15. The program shown in Figure 2-42: 

A. Swaps the contents of memory location OD and OE. 

B. Stores AA 16 in locations OD, OE, and OF. 

C. Stores BB 16 in locations OD, OE, and OF. 

D. Adds AA and BB, storing the sum at location OF. 



HEX 


HEX 




ADDRESS 


CONTENTS 


CONTENTS 


00 


96 


IDA 


01 


0D 


0D 1B 


02 


97 


STA : 


03 


OF 


0F lfi ; 


04 


96 


LDA 


05 


0E 


0E lfi 


06 


97 


STA 


07 


0D 


0D lfi 


08 


96 


LDA 


09 


OF 


0F lfi 


OA 


97 


STA 


0B 


0E 


0E lfi 


OC 


3E 


HLT 


0D 


AA 


AA 18 


0E 


BB 


BB lfi 


OF 







Figure 2-42 
Program for Question 15. 
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Unit 3 



COMPUTER ARITHMETIC 



INTRODUCTION 

In this Unit you will complete your study of the binary number system. 
Since microprocessors use binary numbers for data and control, it is 
important that you become familiar with them. 

Computer arithmetic involves many forms of number manipulation. In 
the pages that follow you will be given the fundamentals of binary 
mathematics: addition, subtraction, multiplication, and division. Then 
you will learn to perform two's complement arithmetic using binary 
numbers. Finally, you will be shown how the microprocessor performs 
the four basic Boolean logic operations. These logical operations include 
AND, OR, exclusive OR, and invert. 
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UNIT OBJECTIVES 

When you complete this Unit you will be able to: 

1. Add two binary numbers. 

2. Subtract one binary number from another. 

3. Multiply one binary number by another. 

4. Divide one binary number by another. 

5. Derive the one's complement of a binary number. 

6. Derive the two's complement of a binary number. 

7. Add binary numbers using two's complement arithmetic. 

8. Manipulate binary numbers using the AND operation. 

9. Manipulate binary numbers using the OR operation. 

10. Manipulate binary numbers using the exclusive OR operation. 

11. Logically invert binary numbers. 
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UNIT ACTIVITY GUIDE 



I I Read section on Binary Arithmetic. 



Completion 
Time 



I I Answer Self-Test Review Questions 1-11. 



I I Read section on Two's Complement Arithmetic. 



I I Answer Self-Test Review Questions 12-21. 



I I Read section on Boolean Operations. 



□ Answer Self-Test Review Questions 22-30. 



n Perform Experiment 4. 



[""1 Complete Unit Examination. 



I I Review Examination Answers. 
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BINARY ARITHMETIC 



A number system can be used to perform two basic operations: addition 
and subtraction. But by using addition and subtraction, you can then 
perform multiplication, division, and any other numerical operation. In 
this section, binary arithmetic (addition, subtraction, multiplication, and 
division) will be examined, using decimal arithmetic as a guide. 



Binary addition is performed somewhat like decimal addition. If two 
decimal numbers, 56719 and 31863, are added together, the sum 88582 is 
obtained. You could analyze the details of this operation in the following 
manner. 



NOTE: In the following explanations, the term 
"first column" refers to the first column of figures 
you work with in the problem — the column on the 
right (9, 3, and 2 in the following example). The 
term "second column" refers to the second column 
you work with t etc. 



Adding the first column, decimal numbers 9 and 3, gives the sum of 12. 
This is expressed in the sum as the digit 2 with a carry of 1. The carry is 
then added to the next column. Adding the second column decimal 
numbers 1 and 6, and the carry from the first column, gives the sum of 8, 
with no carry. This process continues until all of the columns (including 
carries) have been added. The sum represents the numeric value of the 
addend and augend, (The addend is the number to be added to another 
number, while the augend is the number to which the addend is added.) 



Binary Addition 



Carry: 
Addend: 
Augend: 
Sum: 



00101 
56719 
+ 31863 
88582 
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When you add two binary numbers, you perform the same operation. 
Figure 3-1 summarizes the four rules of addition with binary numbers. 



1. 0 + 0 =0 

2. 0 + 1 =1 

3. 1 + 1 =0 with a carry of 1. 

4. 1 + 1 + 1 = 1 with a carry of 1. 

Figure 3-1 
Rules for binary addition. 



To illustrate the process of binary addition, let's add 1101 to 1101. 



In the first column, 1 plus 1 equals 0 with a carry of 1 to the second 
column. This agrees with rule 3. In the second column, 0 plus 0 equals 0 
with no carry. To this sum, the carry from the first column is added. Thus, 
0 plus 1 equals 1 with no carry. These two additions in the second column 
give a total sum of 1 with a carry of 0. Rules 1 and 2 were used to obtain the 
sum. 

In column three, 1 plus 1 equals 0 with a carry of 1. To this sum, the 
second column carry is added. This yields a third column sum of 0 with a 
carry of 1 to column four. Rules 3 and 1 were used to obtain the sum. 

In column four, 1 plus 1 equals 0 with a carry of 1. To this sum, the third 
column carry is added. This yields a fourth column sum of 1 with a carry 
to the fifth column. Rule 4 allows you to add three binary l's and obtain 1 
with a carry of 1. 

In column five, there is no addend or augend. Therefore, you can assume 
rule 2 and add the carry to 0 to obtain the sum of 1. Thus, the sum of 1101 2 
plus 1101 2 equals 11010 2 . You can verify this by converting the binary 
numbers to decimal numbers. 



Carry: 
Addend: 
Augend: 
Sum: 



1101 
1101 
+ 1101 
11010 
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Now study the following two examples of binary addition, where 
IOOOIIII2 is added to 10110101 2 and 111011 2 is added to 11001100 2 . 



Carry: 10111111 

Addend: 10110101 

Augend: + 10001111 

Sum: 101000100 



Carry: 11111000 

Addend: 11001100 

Augend: + 00111011 

Sum: 100000111 

When binary addition is performed with a microprocessor, 8-bit numbers 
are generally used. As shown in the last example, two zeros were added 
after the MSB of the augend to produce an 8-bit number. After addition, a 
1 in the ninth bit is represented as the "carry" bit by the microprocessor. 
This will be explained in a later unit. 



Binary Subtraction 



Binary subtraction is performed exactly like decimal subtraction. There- 
fore, before binary subtraction can be attempted, decimal subtraction 
should be reexamined. You know that if decimal 5486 is subtracted from 
8303, the difference 2817 is obtained. 



Minuend after borrow: 7 12 9 13 

Minuend: 8 3 0 3 

Subtrahend: -5 4 8 6 

Difference: 2 8 17 



Because the digit 6 in the subtrahend is larger than the digit 3 in the 
minuend, a 1 is borrowed from the next higher-order digit in the 
minuend. If that digit is 0, as in this example, 1 is borrowed from the next 
higher-order digit that contains a number other than 0. That digit is 
reduced by 1 (from 3 to 2 in this example) and the digits skipped in the 
minuend are given the value 9. This is equivalent to removing 1 from 30 
with the result of 29, as in this example. In the decimal system, the digit 
borrowed has the value of ten. Therefore, the minuend digit now has the 
value 13, and 6 from 13 equals 7. 
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In the second column, 8 from 9 equals 1. Since the subtrahend is larger 
than the minuend in the third column, 1 is borrowed from the next 
higher-order digit. This raises the minuend value from 2 to 12 , and 4 from 
12 equals 8, In the fourth column, the minuend was reduced from 8 to 7 
because of the previous borrow, and 5 from 7 equals 2. 

Whenever 1 is borrowed from a higher-order digit, the borrow is equal in 
value to the radix or base of the number system. Therefore, a borrow in the 
decimal number system equals ten, while a borrow in the binary number 
system equals two. 

When you subtract one binary number from another, you use the same 
method described for decimal subtraction. Figure 3-2 summarizes the 
four rules for binary subtraction. 



1. 


0 


- 0 


= 0 


2. 


1 


- 1 


= 0 


3. 


1 


- 0 


= 1 


4. 


0 


- 1 


= 1 



Figure 3-2 
Rules for binary subtraction. 

To illustrate the process of binary subtraction, let's subtract 1101 from 
11011. 

Minuend after borrow: 0 10 10 1 1 

Minuend: 110 11 

Subtrahend: - 110 1 



Difference: 1 110 

The "minuend after borrow" now shows the value of each minuend digit 
after a borrow occurs. Remember that binary 10 equals decimal 2. 

In the first column, 1 from 1 equals 0 (rule 2) . Then, 0 from 1 in the second 
column equals 1 (rule 3). In the third column, 1 from 0 requires a borrow 
from the fourth column. Thus, 1 from 10 2 equals 1 (rule 4). The minuend 
in the fourth column is now 0, from the previous borrow. Therefore, a 
borrow is required from the fifth column, so that 1 from 10 2 in the fourth 
column equals 1 (rule 4). Because of the previous borrow, the minuend in 



3-10 UNIT THREE 



HEATHKIT 

CONTINUING 
EDUCATION 



the fifth column is now 0 and the subtrahend is 0 (nonexistant) , so that 0 
from 0 equals 0 (rule 1). The 0 in the fifth column is not shown in the 
difference because it is not a significant bit. Thus, the difference between 
11011 2 and 1101 2 is 1110 2 . You can verify this by converting the binary 
numbers to decimal numbers. 

As a further example of binary subtraction, subtract 00100101 2 from 
11000 1 00 2 , as shown below. Then proceed to the next example and 
subtract 10111010 2 from 11101110 2 . 



When a borrow is required in the minuend, 1 is obtained from the next 
high-order bit that contains a 1. That bit then becomes 0, and all bits 
skipped (0 value bits) are given the value 1. This is equivalent to remov- 
ing 1 from 1000 2 with the result of 0111 2 . 

As with binary addition, microprocessors generally perform subtraction 
on 8-bit number groups. In the previous example, the answer contained 
only six significant bits, but two 0 bits were added to maintain the 8-bit 
grouping. This would also be true for the minuend and subtrahend. 



Minuend after borrow: 
Minuend: 
Subtrahend: 
Difference: 



1 0 1 1 1 10 1 10 
11000 10 0 
-0 0100 10 1 
10011 11 1 



Minuend after borrow: 
Minuend: 
Subtrahend: 
Difference: 



0 0 10 10 1 1 1 0 
11 1 01110 
-10 1 11010 
00 1 10100 



Subtraction of a large number from a smaller number will be described in 
a later section of this Unit. 
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Binary Multiplication 

Multiplication is a short method of adding a number to itself as many 
times as it is specified by the multiplier. However, if you were to multiply 
324 10 by 223,0, you would probably use the following method. 



Using this short form of multiplication, you multiply the multiplicand by 
each digit of the multiplier and then sum the partial products to obtain 
the final product. Note that, for convenience, the additive carries are 
set-down under the partial products rather than over them as in normal 
addition. 

Binary multiplication follows the same general principles as decimal 
multiplication. However, with only two possible multiplier bits (1 or 0), 
binary multiplication is a much simpler process. Figure 3-3 lists the rules 
of binary multiplication. These rules are used to multiply 1111 2 by 1101 2 
on the next page. 



Multiplicand: 

Multiplier: 

First partial product: 

Second partial product: 

Third partial product: 

Carry: 

Final product: 



0121 
72252 



648 
648 



324 
x 223 
972 



1. 0X0 = 0 



2. 



0X1 = 0 



3. 



1X0 = 0 



4. 



1X1 = 



1 



Figure 3-3 

Rules for binary multiplication. 
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Multiplicand: 

Multiplier: 

First partial product: 

Second partial product: 

Carry: 

Sum of partial products: 
Third partial product: 
Carry: 

Sum of partial products: 
Fourth partial product: 
Carry: 

Final product: 



1111 
xllOl 
1111 
0000 
0000 

1111 
1111 
111100 
1001011 
1111 
1111000 
11000011 



As with decimal multiplication, you multiply the multiplicand by each 
bit in the multiplier and add the partial sums. First you multiply 11 11 2 by 
the least significant multiplier bit (1) and set down the partial product so 
the least significant bit (LSB) is under the multiplier bit. Then you 
multiply the multiplicand by the next multiplier bit (0) and set down the 
partial product so the LSB is under the multiplier bit. Now that there are 
two partial products, they should be added. Although it is possible to add 
more than two binary numbers, keeping track of the multiple carries may 
become confusing. Therefore, for these examples, add only two partial 
products at a time. 



Notice that the first partial product is identical to the multiplicand. The 
second partial product is all zeros. Since the binary number system 
contains only ones and zeros, the partial product will always equal either 
the multiplicand or zero. Because of this, you can obtain the third partial 
product by copying the multiplicand. Begin with the LSB under the third 
multiplier bit. Add this value to the previous partial sum. Now obtain the 
fourth partial product by copying the multiplicand. Begin with the LSB 
under the fourth multiplier bit. Add this value to the previous partial 
sum. This is the final product. You can verify the result by converting the 
binary numbers to decimal. 



Reexamine the illustration for the previous multiplication example. 
Notice that binary multiplication is a process of shift and add. For each 1 
bit in the multiplier you copy down the multiplicand, beginning with the 
LSB under the bit. You can ignore any zeros in the multiplier. But do not 
make the mistake of setting down the multiplicand under the 0 bit. 
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To make sure you fully understand binary multiplication, multiply 1001 2 
by 1100 2 and then multiply 1101 2 by 1111 2 . 



Multiplicand: 


1001 


Multiplier: 


xilOO 


First partial product: 


0000 


Second partial product: 


0000 


Carry: 


0000 


Sum of partial products: 


00000 


Third partial product: 


1001 


Carry: 


00000 


Sum of partial products: 


100100 


Fourth partial product: 


1001 


Carry: 


r\r\r\r\r\r\ 

000000 


Final product: 


1101100 


Multiplicand: 


1101 


Multiplier: 


Xllll 


First partial product: 


1101 


Second partial product: 


1101 


Carry: 


11000 


Sum of partial products: 


100111 


Third partial product: 


1101 


Carry: 


100100 


Sum of partial products: 


1011011 


Fourth partial product: 


1101 


Carry: 


1111000 


Final product: 


11000011 



In the first of these last two examples, the two zeros in the multiplier were 
included in the multiplication process. This was to insure that the mul- 
tiplicand was copied down under the proper multiplier bits. The mul- 
tiplication process could have been represented in this manner: 



Multiplicand: 1001 

Multiplier: xilOO 

Third partial product: 100100 

Fourth partial product: 1001 

Carry: 000000 

Final product: 1101100 



Remember, just as in decimal multiplication, you must keep track of any 
zeros by setting a zero in the product under the 0 bit in the multiplier. 
This is very important when the zero occupies the LSB. 
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Binary Division 



Division is the reverse of multiplication. Therefore, it is a procedure for 
determining how many times one number can be subtracted from 
another. The process you are probably familiar with is called ''long" 
division. If you were to divide decimal 181 by 45, you would obtain the 
quotient, 4-1/45, as follows: 



004 Quotient 

Divisor 45 ) 181 Dividend 
180 

1 Remainder 



Using long division, you would examine the most significant digit in the 
dividend and determine if the divisor was smaller in value. In this 
example the divisor is larger, so the quotient is zero. Next, you examine 
the two most significant digits. Again the divisor is larger, so the quotient 
is again zero. Finally, you examine the whole dividend and discover it is 
approximately four times the divisor in value. Therefore, you give the 
quotient a value of 4. Next, you subtract the product of 45 and 4 ( 180) from 
the dividend. The difference of one represents a fraction of the divisor. 
This fraction is added to the quotient to produce the correct answer of 
4-1/45. 



Binary division is performed in a similar manner. However, binary divi- 
sion is a simpler process since the number base is two rather than ten. 
First, let's divide 10001 1 2 by 101 2 . 



Divisor: 



000111 
101 ) 100011 
lOl l 
111 



101 
101 
101 
0 



Quotient 
Dividend 

Remainder 

Remainder 

Remainder 



Using long division, you examine the dividend beginning with the MSB 
and determine the number of bits required to exceed the value of the 
divisor. When you find this value, place a one in the quotient and subtract 
the divisor from the selected dividend value. Then carry the next least 
significant bit in the dividend down to the remainder. If you can subtract 
the divisor from the new remainder, place a one in the quotient. Then 
subtract the divisor from the remainder and carry the next least signifi- 
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cant bit in the dividend (LSB in this example) down to the remainder. If 
the divisor can be subtracted from the new remainder, place a one in the 
quotient and subtract the divisor from the remainder. Continue the pro- 
cess until all of the dividend bits have been carried down. Then express 
any remainder as a fraction of the divisor in the quotient. Thus, 10001 1 2 
divided by 101 2 equals 111 2 . You can verify the answer by converting the 
binary numbers to decimal. 

To make sure you fully understand binary division, work out the follow- 
ing examples of long division. Divide 101000 2 by 1000 2 and then divide 
100111 2 by 110 2 . 



000101 Quotient 

Divisor 1000 ) 101000 Dividend 
1000 || 

1000 Remainder 
1000 

0 Remainder 



Divisor: 



000110.1 
110 )l00111.0 

iio | 

111 
110 
11 0 
110 
0 



Quotient 
Dividend 

Remainder 

Remainder 

Remainder 



In the second example, the quotient was not a whole number, but rather a 
whole number plus a fraction (remainder divided by the divisor). The 
answer 110-11/110 is correct. You could have left the answer in this form 
or, as in the example, continue the division process until the remainder 
was zero. This is made possible by adding a sufficient number of zeros 
after the binary point to permit division by the divisor. In the previous 
example, only one zero was added after the binary point. As you learned 
in Unit 1, adding zeros after the binary point will not affect the value of 
the number. Note that some numbers cannot be solved in this manner 
(e.g., decimal 1/3). 
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Representing Negative Numbers 

Until now, we have been examining binary arithmetic using unsigned 
numbers. However, when you perform some arithmetic operations with a 
microprocessor, you must be able to express both positive and negative 
(signed) numbers. Over the years three methods have been developed for 
representing signed numbers. Of these, only one method has survived. 
The two older methods will be examined first, and then the system that is 
used today. 

SIGN AND MAGNITUDE. Using this system, a binary number contained 
both the sign (+ or — ) and the value of the number. Therefore, positive 
and negative values were expressed as follows: 

+45 10 = 0Q101101 2 

/ X 

SIGN MAGNITUDE 

\ / 

-45 10 = 10101101 2 

The MSB of the binary number indicated the sign, while the remaining 
bits contained the value of the number. As you can see, a zero sign bit 
indicated a positive value, while a one sign bit indicated a negative value. 



While this method of representing negative numbers may seem logical, 
its popularity was short-lived. Because it required complex and slow 
arithmetic circuitry, it was abandoned long before microprocessors were 
invented. 
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ONE'S COMPLEMENT. Another method of representing negative num- 
bers became popular in the early days of computers. It was called the 
one's complement method. Using this system, positive numbers were 
represented in the same way as in the sign-magnitude system. That is, the 
MSB in any number was considered to be a sign bit. A sign bit of 0 
represented positive. Using 8-bit numbers, positive values were rep- 
resented like this: 



+ 4 10 = 0 0000100 




Sign bit Binary value 

Negative numbers were represented by the one's complement of the 
positive value. The one's complement of a number is formed by changing 
all 0's to l's and all l's to 0's. As shown above, + 4 10 is represented as 
j) 0000100 *,. By changing all 0's to l's and all l's to 0's, the representation 
for -4 10 was formed. In this case: 

- 4 10 = 1 1111011 2 

Notice that all the hits, including the sign bit, were inverted. In the same 
way: 

- 17 10 = 1 1101110 , 

-127 10 = 1 000Q000 2 

The one's complement method is not used for representing signed num- 
bers in microprocessors. However, as you will see later, you may still be 
called upon to find the one's complement of a number. Remember, you do 
this by simply changing all 0's to l's and all l's to 0's. 
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Figure 3-4 shows an interesting relationship. In the first column, 8-bit 
patterns of O's and l's are shown. The second column shows the decimal 
number that each pattern represents if you consider the pattern to be an 
unsigned binary number. Notice that an 8-bit pattern can represent un- 
signed numbers between 0 and 255 10 . 

The third column shows the decimal number that each pattern represents 
if you consider the pattern to be a one's complement binary number. 
Notice that the range of numbers is from -127 10 to +127 10 . Notice also 
that there are two representations of zero. The pattern 0000 0000 2 repre- 
sents +0 while its one's complement (1111 1111 2 ) represents -0. 



TWO'S COMPLEMENT. The method used to represent signed numbers 
in microprocessors is called two's complement. In this system, positive 
numbers are represented just as they were with the sign-and-magnitude 
method and the one's complement method. That is, it uses the same bit 
pattern for all positive values up to +127 10 . However, negative numbers 
are represented as the two's complement of positive numbers. 

The two's complement of a number is formed by taking the one's com- 
plement and then adding 1. For example if you work with 8-bit numbers 
and use the two's complement system, +4 10 is represented by 00000100 2 . 
To find -4 10 , you must take the two's complement of this number. You do 
this by first taking the one's complement, which is 11111011 2 . Next, add 
1 to form the two's complement: 

11111011 2 

+ 1 

11111100 2 

Thus, the two's complement representation of -4 10 is 11111100 2 . 

To be sure you have the idea, look at a second example: how do you 
express -17 10 as an 8-bit two's complement number? Start with the two's 
complement representation of +17 10 , which is 00010001 2 . Take the one's 
complement by changing all O's to l's and l's to O's. Thus, the one's 
complement of +17 10 is 11101110 2 . Next, find the two's complement by 
adding 1: 

11101110 2 
+ 1 



11101111 
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BIT 


UNSIGNED 


1*8 


Tl A TTUD XT 

FA 1 1 LKIM 


DTXT ADV 
JDlIN/VJtvI ; 


mMPT FMF1MT 


00000000 


0 


+ 0 


00000001 


I 


-1- 1 


00000010 


z 




00000011 

• 
• 


• 
• 


1 J 
• 

• 


• 
• 

miiii on 

Ul 11 1 1UU 


• 
• 

1 24 


• 
• 

+ 124 


01111101 


125 


+ 125 


01111110 


126 


+ 126 


(11111111 

Ulllllll 


127 


+ 127 


10000000 


128 


-127 


10000001 


izy 


— 19 fi 


10UUUU1U 


loU 


— 1 9^ 


10000U11 

• 
• 


Id 1 
• 

• 


1^*1 
• 

• 


• 
• 

11111100 


• 
• 

252 


• 
• 

-3 


11111101 


253 


-2 


11111110 


254 


-1 


liiiiin 


255 


-0 



Figure 3-4 
Table of bit pattern values for un- 
signed binary numbers and l's com- 
plement numbers. 
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Figure 3-5 compares unsigned, two's complement, and one's comple- 
ment numbers. Several 8-bit patterns are shown on the left. The other 
three columns show the decimal number represented by these patterns. 

Notice that the range of 8-bit two's complement numbers is from -128 10 
to +127 10 . Notice also that there is only one representation for 0. 

If this table included all 256 10 possible 8-bit patterns, you could look up 
any pattern to see what number it represents. The patterns which have 0 
as their MSB are easy to determine without a table. The pattern represents 
the binary number directly. But what decimal number is represented by 
the two's complement number 11110011? You should know that this 
represents some negative number because the MSB is a 1. 

Actually, you can determine the value very easily by simply taking the 
two's complement to find the equivalent positive number. Remember, 
you find the two's complement, by taking the one's complement and 
adding 1. The one's complement is 00001100 2 . Thus, the two's comple- 
ment is: 

00001 100 2 

+ 1 

00001101 2 or +13 h> 

Since the two's complement of 11110011 2 represents +13 10 , then 
11 11001 1 2 must equal -13 l0 . 
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BIT 


UNSIGNED 


2's 


l's 


PATTERN 


BINARY 


COMPLEMENT 


COMPLEMENT 


00000000 


0 


0 


+0 


00000001 


1 


+ 1 


+ 1 


nnnnnrn n 

UUUUUU 1 u 


? 


+ 2 


+ 2 


nnnnnrn 1 

• 
• 


• 
• 


+ 3 

• 
• 


+ 3 

• 
• 


• 
• 

m 1 1 1 1 nn 

Ulllll uu 


• 
• 

1 24 


• 
• 

+ 124 


• 
• 

+ 124 


m 1 1 1 1 m 

UXJ.lJ.i-Ul 


1 £i vJ 


+ 125 


+ 125 


01111110 


126 


+ 126 


+ 126 


01111111 


127 


+ 127 


+ 127 


10000000 


128 


-128 


-127 


10000001 


129 


-127 


-126 


1 nnnnni n 

1 UUUUU 1 u 


1 in 


— 1 9R 


-125 


1 nnnnm 1 

1 UUUUU 1 1 
• 

• 


J.J1 
• 

• 


1 £ D 
• 

• 


-124 
• 
• 


• 
• 

11111100 


• 
• 

252 


• 
• 

-4 


• 
• 

-3 


11111101 


253 


-3 


-2 


11111110 


254 


-2 


-1 


11111111 


255 i 


-1 


-0 



Figure 3-5 
Table of bit pattern values for un- 
signed binary, 2's complement and 1 's 
complement numbers. 
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Self-Test Review 



2. 



and. 



are the two basic operations 



that can be performed with a number system. 
Add the following binary numbers. 



10011011 
+00010111 



B. 



11000110 
+00110001 



c. 



Subtract the following binary numbers. 



11011011 
-10110010 



B. 



10001011 
•10000001 



Multiply the following binary numbers. 



1011 
xiiOl 



B. 



1101 
X1001 



C. 



Solve for the quotient in the following groups. 



A. 



101 J 



B. 



C. 



10000110 
+00110110 



11011001 
-00111011 



1100 
X1100 



1001011 



10001111 2 represents decimal 
tion. 



11 )lll001 1101 hlllOlll 
in sign/magnitude nota- 
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7. The l's complement of 00010110 2 is 

8. The 2's complement of 000101 10 2 is 

9. The 2's complement number 11100110 represents the decimal 
number 

10. Find the signed decimal equivalents of the following two's com- 
plement numbers. 

Two's Complement Number Decimal Number 



00000111 
10000111 
11111111 
01110000 
10000000 

1 1 . Find the two's complement representation for the following signed 
decimal numbers. 

Decimal Number Two's Complement Number 

+ 32 
-32 
+ 73 
- 7 
-120 
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Answers 



i. 

2. 



Addition, subtraction. 

A. Carry: 

Addend: 
Augend: 
Sum: 



00011111 
10011011 
4- 00010111 
10110010 



B. 11110111. 

C. 10111100. 

A. Minuend after borrow: 

Minuend: 
Subtrahend: 
Difference: 



10 10 11011 

11 011011 
10 110010 

10 10 0 1 



B. 
C 
A. 



1010. 



10011110. 



Multiplicand: 

Multiplier: 

First partial product: 

Second partial product: 

Carry: 

Sum of partial products: 
Third partial product: 
Carry: 

Sum of partial products: 
Fourth partial product: 
Carry: 

Final product: 



1011 
x 1101 
1011 
00000 
0000 
01011 
101100 
01000 
110111 
1011000 
1110000 
10001111 



B. 



1110101. 



C. 



10010000 
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6. 
7. 
8. 
9. 



10. 



11. 



Divisor: 



0001111 


Quotient 


1001011 


Dividend 


101 




1000 


Remainder 


101 




111 


Remainder 


101 




101 


Remainder 


101 




0 


Remainder 



B. 
C. 



10011. 
10011. 



-15. 

11101001 2 . 
11101010 2 . 

First, find the two's complement of 11100110 by changing l's 
to 0's; 0's to l's; and adding 1: 

00011001 

1 

00011010 

Since this number represents +26 10 , the original number must 
have represented -26 10 . 

Two's Complement Number Decimal Number 



00000111 
10000111 
11111111 
01110000 
10000000 



+ 7 
-121 

-1 
+ 112 
-128 



Decimal Number Two's Complement Number 



+ 32 
-32 
+ 73 
-7 
-120 



00100000 
11100000 
01001001 
11111001 
10001000 
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TWO'S COMPLEMENT ARITHMETIC 



In the previous section, you saw that signed numbers are represented in 
microprocessors in two's complement form. In this section you will see 
why. 



In digital electronic devices such as computers, simple circuits cost less 
and operate faster than more complex ones. Two's complement numbers 
are used with arithmetic because they allow the simplest, cheapest, and 
fastest circuits. 

A characteristic of the two's complement system is that both signed and 
unsigned numbers can be added by the same circuit. For example, sup- 
pose you wish to add the unsigned numbers 132 10 and 14 10 . The addition 
looks like this: 



Addend: 10000100 2 132 

Augend: 000Q111Q 2 + 14 

Sum: 10010010 2 146 



As you saw in the previous unit, the microprocessor has an ALU circuit 
that can add unsigned binary numbers in this way. The adder in the ALU 
is designed so that when the bit pattern 10000100 appears at one input 
and 00001110 appears at the other, the bit pattern 10010010 appears at 
the output. 

The question arises, "How does the ALU know that the bit patterns at the 
inputs represent unsigned numbers and not two's complement num- 
bers?" The answer is "it doesn't." The ALU always adds as if the inputs 
were unsigned binary numbers. Nevertheless, it still produces the correct 
sum even if the inputs are signed two's complement numbers. 

Look at the example given above. If you assume that the inputs are two's 
complement signed numbers, then the addend, augend, and sum are: 

Addend: 10000100 2 -124 10 
Augend: 00001 11Q 2 + 14 10 

Sum: 10010010 2 -110 10 

Notice that the bit patterns are the same. Only the meaning of the bit 
patterns has changed. In the first example, we assumed that the bit 
patterns represented unsigned numbers and the adder produced the 
proper unsigned result. In the second example, we assumed that the bit 
patterns represented signed numbers. Again, the adder produced the 
proper signed result. 
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This proves a very important point. The adder in the ALU always adds bit 
patterns as if they are unsigned binary numbers. It is our interpretation of 
these bit patterns that decides if unsigned or signed numbers are indi- 
cated. The beauty of two's complement is that the bit patterns can be 
interpreted either way. This allows us to work with either signed or 
unsigned numbers without requiring different circuits for each. 

Two's complement arithmetic also simplifies the arithmetic logic unit in 
another way. All microprocessors have a subtract instruction. Thus, the 
ALU must be able to subtract one number from another. However, if this 
required a separate subtraction circuit, the complexity and cost of the 
ALU would be increased. Fortunately, two's complement arithmetic 
allows the ALU to perform a subtract operation using an adder circuit. 
That is, the MPU uses the same circuit for both addition and subtraction. 

The MPU performs subtraction by a binary addition process. To see why 
this works, it may be helpful to look at a similar process with the decimal 
number system. The decimal equivalent of two's complement is called 
ten's complement. Since you are more familiar with the decimal number 
system, briefly examine ten's complement arithmetic. 

Ten's Complement Arithmetic 

An easy way to illustrate ten's complement is to consider an analogy. 
Visualize the odometer or mileage indicator on your car. Generally, this is 
a six-digit device that indicates mileage between 00,000.0 and 99,999.9 
miles. Let's ignore the tenths digit and concentrate on the other five. 

In an automobile, the register generally operates in only one direction 
(forward). However, consider what happens if it is turned backwards 
instead. Starting at +3 miles, the count proceeds backwards as follows: 

00,003 
00,002 
00,001 
00,000 
99,999 
99,998 
99,997 
etc. 

It is easy to visualize that 99,999 represents -1 mile. Also, 99,998 repre- 
sents -2 miles; 99,997 represents -3 miles; etc. This is how signed 
numbers are represented in ten's complement form. 
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Once you accept this system for representing positive and negative num- 
bers, you can perform arithmetic with these signed numbers. For exam- 
ple, if you add +3 and -2, the result should be + 1. Using the system 
developed above, +3 is represented by 00003 while -2 is represented by 
99,998. Thus, the addition looks like this: 



If you now discard the final carry on the left in the sum, the answer is 000 
01 , the representation of + 1. You can also find the ten's complement of a 
digit by subtracting the digit from ten. For example, the ten's comple- 
ment of 6 is 4 since 10-6 = 4. To complement a number containing more 
than one digit, raise ten to a power equal to the total number of digits, 
then subtract the number from it. For example, to obtain the ten's com- 
plement of 654 10 , first raise ten to the third power since there are three 
digits in the number. Then, subtract 654 from the result. 



Thus, the ten's complement of 654 10 is 346 10 . 

Once you find the ten's complement, you can subtract one number from 
another by an indirect method using only addition. Since childhood you 
have subtracted like this: 



00003 
+99998 
100001 



+ 3 
-2 
+ 1 




Discard final carry. 



10 3 = 1000 
-654 
346 



Minuend: 973 
Subtrahend: -654 
Difference: 319 
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However, you can arrive at the same answer by using the ten's comple- 
ment of the subtrahend and adding. Recall that the ten's complement of 
654 10 is 346 10 . Let's compare these two methods of subtraction: 

STANDARD METHOD TEN'S COMPLEMENT METHOD 

Minuend 973 973 Minuend 

Subtrahend -654 +346 Ten's complement of subtrahend 

Difference 319 1319 Difference 

-Discard final carry 



L, 



Notice that when you use the ten's complement method, the answer is too 
large by 1000 10 . However, you can still arrive at the correct answer by 
simply discarding the final cany. 

While the ten's complement method of subtraction works, it is not used 
because it is more complex than the standard method. In fact, it does not 
eliminate subtraction entirely since the ten's complement itself is found 
by subtraction. 

The binary equivalent of ten's complement is two's complement. It over- 
comes the disadvantage of ten's complement in that the two's comple- 
ment can be formed without any subtraction at all. Recall that you can 
form the two's complement of a binary number by changing all O's to l's, 
all l's to O's and then adding 1. Let's examine two's complement arithme- 
tic in more detail. 

Two's Complement Subtraction 

As in ten's complement arithmetic, you can form the two's complement 
by subtracting from a power of the base (two) . However, because the MPU 
cannot subtract directly, it uses the method given earlier for finding the 
two's complement. Once the two's complement is formed, the MPU can 
perform subtraction indirectly by adding the two's complement of the 
subtrahend to the minuend. 

To illustrate this point, look at the following two ways of subtracting 26 10 
from 69 10 . The two numbers are expressed as they would appear to an 
8-bit microprocessor. The standard method of subtraction looks like this: 

Minuend: 01000101 2 69 

Subtrahend: -0001101 0 2 -26 
Difference: 0010101 1 2 43 
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While this method works fine on paper, it's of little use to the micro- 
processor since the MPU has no subtract circuitry. However, the MPU can 
still perform subtraction by the indirect method of adding the two's 
complement of the subtrahend to the minuend: 

Minuend: 01000101 
Two's complement of Subtrahend: + 11100110 

Difference: 100101011 

^ Discard final carry 

This illustrates a major reason for using the two's complement system to 
represent signed numbers. It allows the MPU to perform subtraction and 
addition with the same circuit. 

The method that the MPU uses to perform subtraction is of little impor- 
tance to the user of microprocessors. Most microprocessors have a sub- 
tract instruction. This instruction is used like any other without regard 
for how the operation is implemented internally. When the subtract 
instruction is implemented, the MPU automatically takes care of opera- 
tions like complementing the subtrahend, adding, and discarding the 
carry. The procedure has been explained here so you can appreciate the 
importance of two's complement arithmetic. 

Arithmetic With Signed Numbers 

There are many applications in which the microprocessor must work 
with signed numbers. In these cases, signed numbers are represented in 
two's complement form. While this greatly simplifies the circuitry of the 
MPU, it places an extra burden on the user. The programmer must ensure 
that all signed numbers are entered into the microprocessor in two's 
complement form. Also, the resulting data produced by the MPU may be 
in two's complement form. Here's how an 8-bit MPU handles signed 
numbers. 

Adding Positive Numbers. Assume that the MPU is to add the two 
positive numbers + 7 and +3. Since an 8-bit MPU is assumed, the arith- 
metic operation looks like this: 

£0000111 + 7 
+00000011 + 3 
00001010 +10 
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The sign bits are underlined. Remember, when representing signed 
numbers, that the MSB is the sign bit. A 0 represents " + " and a 1 
represents In this example, you added + 7 and +3 to form a sum of 
+ 10 10 . You know that all three numbers are positive since the MSB's are 
all O's. 

While this operation seems straightforward enough, it is easy for the 
unwary to make an error when adding positive numbers. Remember, the 
highest 8-bit positive number you can represent in two's complement 
form is + 127 10 . If the sum exceeds this value, an error occurs. For exam- 
ple, suppose you attempt to add +65 10 to +67 10 . The MPU adds the 
numbers as if they are unsigned binary: 

01000001 
01000011 
1,0000100 

If the answer is interpreted as a two's complement number, an error has 
occurred. You have added two positive numbers and yet the answer 
appears to be negative since the MSB of the sum is 1 . This is called a two's 
complement overflow. It occurs when the sum exceeds +127 10 . Many 
microprocessors have a way of detecting this condition. We will discuss 
this in more detail in a future unit. 

Adding Positive and Negative Numbers. The real beauty of the two's 
complement system is illustrated when you add numbers with unlike 
signs. For example, assume that an 8-bit microprocessor is to add +7 and 
-3. Remember, since these are signed numbers, they must be represented 
in two's complement form. That is, +7 is represented as 00000 111 2 while 
-3 is represented as 11111101 2 . If these two numbers are added, the sum 
will be: 

Addend: 00000111 ( + 7) 

Augend: +11111101 +(-3) 
Sum: 100000100 (+4) 

t 

l— Discard final carry 



Notice that the sum is correct if you ignore the final carry bit. Keep in 
mind that the MPU adds the two numbers as if they were unsigned binary 
numbers. It is merely our interpretation of the answer that makes the 
system work for signed numbers. 
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The system also works when the negative number is larger. For example, 
when -9 is added to +8 the result should be -1. Remember, the signed 
numbers must be represented in two's complement form: 



Addend: 11110111 (-9) 

Augend: 00001000 +(+8) 

Sum: 11111111 -1 



Notice that the sum is the two's complement representation for -1. 



Adding Negative Numbers. The final case involves two negative num- 
bers. If both numbers are negative, then the sum should also be negative. 

For example, suppose the MPU is to add -3 to -4. Obviously, the result 
should be -7. The two signed numbers must be represented in two's 
complement form. That is, -3 must be represented as 11111101 2 while 
-4 must be represented as 11111100 2 . The MPU adds these two bit 
patterns as if they were unsigned binary numbers. Thus the result is: 

Addend: 
Augend: 
Sum: 



11111101 (-3) 
4-11111100 +(-4) 
111111001 (-7) 



L 



Discard final carry 



Once again, the answer is correct if you ignore the final carry bit. 

When you add two negative numbers, you must remember the capacity of 
the MPU. The largest negative number that can be represented by eight 
bits is - 128 10 . If the sum exceeds this value, the sum will appear to be in 
error. For example, suppose you add -120 10 to -18 10 . 



10001000 (-120) 
11101110 +(- 18) 
401110110 



Ignore carry 



Sign bit 



Notice that the sign bit in the sum is 0, representing a positive number. 
Thus, the MPU has added two negative numbers and has produced a 
positive result. This apparent error is caused by exceeding the 8-bit 
capacity. This is another example of two's complement overflow. 
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Self-Test Review 

12. In microprocessors, signed numbers are represented in 
form. 

13. The ALU adds bit patterns as if they represent 

binary numbers. 

14. When a microprocessor executes a subtract instruction, what oper- 
ations are actually performed inside the MPU? 

15. What is the largest 8-bit positive number that can be represented in 
two's complement form? 

16. When you are adding two positive numbers, what is meant by two's 
complement overflow? 

17. If +19 10 and -21 10 are added by an 8-bit microprocessor, the two's 
complement result will be 

18. Can two's complement overflow occur when two negative numbers 
are added? 

19. A microprocessor adds 10001110 2 to 00010001 2 . If these are un- 
signed binary numbers, the resulting bit pattern will be 
If these are two's complement numbers, the re- 
sulting bit pattern will be . 



20. If the bit patterns in question 19 represent unsigned numbers, the 
resulting bit pattern represents decimal 



21. If the bit patterns in question 19 represent two's complement num- 
bers, the resulting bit pattern represents decimal 
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Answers 

12. Two's complement. 

13. Unsigned. 

14. The following operations occur: 

1. The MPU complements the subtrahend by changing O's to l's 
and l's to O's. 

2. One is added to the complemented subtrahend to form the 
two's complement. 

3. The two's complement of the subtrahend is added to the 
minuend. 

15. 01111111 2 or +127 10 . 

16. When you add positive numbers, two's complement overflow oc- 
curs when the sum exceeds +127 10 . 

17. 11111110 2 or -2 10 . 

18. Yes. When you add negative numbers, two's complement overflow 
occurs when the sum exceeds -128i 0 . 

19. In either case, the resulting bit pattern will be 10011111. 

20. 159 10 . 

21. -97 10 . 
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BOOLEAN OPERATIONS 

Along with the basic mathematical processes examined earlier, the mi- 
croprocessor can manipulate binary numbers logically. This system was 
conceived using the theorems developed by the mathematician George 
Boole. As a result, this branch of binary mathematics is given the name 
Boolean Algebra. In this section, the Boolean operations performed by 
the microprocessor will be examined. A more detailed description of 
Boolean Algebra is provided in the Heathkit Continuing Education Series 
course titled "Digital Techniques. " 

AND Operation 

The AND function produces the logical product of two or more logic 
variables. That is, the logical product of an AND operation is logic 1 if all 
of the variable inputs are logic 1. If any of the input variables are logic 0, 
the logical product is 0. This process can be represented by the formula A 
• B — c, where A and B represent input variables (logic 1 or 0) and C 
represents the output or logical product of the AND operation. The AND 
function is designated by a dot between the variables. Do not confuse it 
with the mathematical multiplication sign. 

Figure 3-6 is a "truth" table for a two- variable AND function. The l's and 
O's represent all of the possible logic combinations. Thus, you can see that 
the AND function is a sort of "all or nothing" operation. Unless all the 
input variables are logic 1, the output cannot be logic 1. 



INPUTS 


OUTPUT 


A 


B 


C 


0 


0 


0 


0 


i ; 


0 


1 


0 


0 


1 


l 


1 



Figure 3-6 
Truth Table for an AND function. 
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When the microprocessor implements the logic AND operation, one 8-bit 
binary number is ANDed with a second 8-bit binary number. Refer to 
Figure 3-7 for an illustration of this process. 



8-BIT 
NUMBER 



8-BIT 
NUMBER 



RESULT OF 
AND OPERATION 



MSB 



LSB 



1 
0 
0 

1 
1 

0 

1 

0 



1 

0 

1 

0 

1 
1 

0 
0 



1 

0 
0 
0 

1 

0 
0 
0 



MSB 



LSB 



Figure 3-7 
8-bit logic AND operation. 

Although more than two logic variables can be ANDed together, the 
microprocessor operates on only two variables at a time. Now try one 
more example of the AND operation. AND 10011101 with 11000110. 



1*1 = 1 

0*1 = 0 

0*0 = 0 

1*0 = 0 

1*0 = 0 

1*1 = 1 

0*1 = 0 

1*0 = 0 



MSB 



LSB 



OR Operation 



The OR (sometimes known as inclusive OR) function produces the logi- 
cal sum of two or more logic variables. That is, the logical sum of an OR 
operation is logic 1 if either input is logic 1. The logical sum is 0 if all of 
the input variables are logic 0. This process can be represented' by the 
formula A + B = C, where A and B represent input variables and C 
represents the output or logical sum of the OR operation. The OR function 
is designated by a plus sign (or a circled dot O ) between the variables. 
Do not confuse the plus sign with the mathematical add sign. 
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Figure 3-8 is a "truth" table for a two-variable OR function. The l's and 
O's represent all of the possible logic combinations. Thus, you can see that 
the OR function is a sort of "either or both" operation. If either or both 
input variables are logic 1, the output must be logic 1. 



INPUTS 


OUTPUT 


A 


B 


C 


0 


0 


0 


1 


0 


1 


0 


1 


1 


1 


1 


1 



Figure 3-8 
Truth Table for an OR function. 



When the microprocessor implements the logic OR operation, one 8-bit 
binary number is ORed with a second 8-bit binary number. Refer to 
Figure 3-9 for an illustration of this process. 

8-BIT 8-BIT RESULT OF 

NUMBER NUMBER OR OPERATION 



MSB 



LSB 



1 


+ 


1 




1 


0 


+ 


0 




0 


0 


+ 


1 




1 


1 


+ 


0 




1 


1 


+ 


1 




1 


0 


+ 


1 




1 


1 


+ 


0 




1 


0 


+ 


0 




0 



MSB 



LSB 



Figure 3-9 
8-bit logic OR operation. 
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As with the AND function, two or more logic variables can be ORed 
together. However, the microprocessor operates on only two variables at 
a time. Now try one more example of the OR operation. OR 1001 1 101 with 
11000101. 

1 + 1 = 1 MSB 
0 + 1 = 1 

0 + 0 = 0 

1 + 0 = 1 
1 + 0=1 
1 + 1 = 1 

0 + 0 = 0 

1 + 1 = 1 LSB 

Exclusive OR Operation 

The Exclusive OR (EOR or XOR) function performs a logical test for 
"equalness" between two logic variables. That is, if two variable inputs 
are equal (both logic 1 or 0), the output or result of the EOR operation is 
logic 0. If the inputs are not equal (one is logic 1, the other logic 0) the 
output is logic 1. This can be represented by the formula A © B =C, 
where A and B represent input variables and C represents the output or 
result. The EOR function is designated by a circled plus sign between the 
variables. 

Figure 3-10 is a "truth" table for the EOR function. The l's and 0's 
represent all of the possible logic combinations. You can see that the EOR 
function is a sort of "either but not both" operation. That is, either input 
can be logic 1 or 0, but not both for a logic 1 output. 



INPUTS 


OUTPUT 


A 


B 


C 


0 


0 


0 


0 


1 


1 


1 


0 


1 


1 


1 


0 



Figure 3-10 
Truth Table for an EOR function. 
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When the microprocessor implements the logic EOR operation, one 8-bit 
binary number is exclusively ORed with a second 8-bit number. Refer to 
Figure 3-11 for an illustration of this process. 

8-BIT 8-BIT RESULT OF 

NUMBER NUMBER EOR OPERATION 

MSB 1 ® 1 0 MSB 



1 


© 


1 




0 


0 


© 


0 




0 


0 


© 


1 




1 


1 


© 


0 




1 


1 


© 


1 




0 


0 


© 


1 




1 


1 


© 


0 




1 


0 


© 


0 




0 



LSB 0 © 0 0 LSB 

Figure 3-11 
8-bit logic EOR operation. 

Now try one more example of the EOR operation. EOR 10011101 2 with 
HOOOlOlo. 



1 © 1 




0 MSB 


0 © 1 




1 


0 © 0 




0 


1 © 0 




1 


1 © 0 




1 


1 © 1 




0 


0 © 0 




0 


1 © 1 




0 LSB 



i 
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Invert Operation 

The invert operation performs a direct complement of a single input 
variable. That is, a logic 1 input will produce a logic 0 output. This 
process can be represented by the truth table in Figure 3-12. 



INPUT 


OUTPUT 


A 


A 1 


1 


0 


0 


1 



Figure 3-12 
Truth Table for an invert function. 

Note that the complement of A is A. The bar above the A indicates that A 
has been inverted, and is read "not A." Therefore, the complement of A is 
"not A" (A). 

When the microprocessor implements the logic invert operation, the 
8-bit binary number is complemented. This operation is also known as 1 's 
complement. Thus, the complement of 11010110 2 is 00101001 2 . As with 
the previous logic operations, the invert function operates on each indi- 
vidual bit of the 8-bit number. 
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Self-Test Review 

22. The result of an AND operation is binary 1 when: 

A. All inputs are binary 0. 

B. Any one input is binary 0. 

C. All inputs are binary 1. 

D. Any one input is binary 1. 

23. Perform the AND operation on the following 8-bit number pairs. 

A. 11010110 and 10000111. 

B. 00110011 and 11110000. 

C. 10101010 and 11011011. 

24. The result of an OR operation is binary 0 when: 

A. All inputs are binary 1. 

B. All inputs are binary 0. 

C. Any one input is binary 1. 

D. Any one input is binary 0. 

25. Perform the OR operation on the following 8-bit number pairs. 

A. 11010110 and 10000111. 

B. 00110011 and 11110000. 

C. 10101010 and 11011011. 

26. The result of an XOR operation is binary 0 if the inputs are: 

A. Equal. 

B. Not equal. 
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27. The symbol for the EOR operation is: 

A. • 

B. + 

C. © 

D. x 

28. Perform the EOR operation on the following 8-bit number pairs. 

A. 11010110 and 10000111. 

B. 00110011 and 11110000. 

C. 10101010 and 11011011. 

29. A represents the of A. 

A. Sum. 

B. Product. 

C. Complement. 

D. Supplement. 

30. Perform the invert operation on the following 8-bit numbers. 

A. 11010110. 

B. 00110011. 

C. 10101010. 
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Answers 



22. C. All inputs are binary 1. 



23. A. 



1 • 1 




1 


1 • 0 




0 


0 • 0 




0 


1 • 0 




0 


0 • 0 




0 


1 • 1 




1 


1 • 1 




1 


0 • 1 




0 



B. 00110000. 



C. 10001010. 



24. B. All inputs are binary 0. 



25. A. 



1 + 1 




1 


1+0 




1 


0 + 0 




0 


1 + 0 




1 


0 + 0 




0 


1 + 1 




1 


1 + 1 




1 


0 + 1 




1 



b; niiooii. 

C. 11111011. 



26. A. Equal. 
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27. 



© 



1 © 1 


= 0 


1 © 0 


= 1 


0 © 0 


= 0 


1 © 0 


= 1 


0 © 0 


= 0 


1 © 1 


= 0 


1 © 1 


= 0 


0 © 1 


= 1 



B. 11000011. 



C. 01110001. 



29. C. Complement. 



30. A. 00101001. 



B. 11001100. 



C. 01010101. 



EXPERIMENT 4 



Perform Experiment 4 in Unit 9 of this course. After you finish the 
experiment, return to this Unit and complete the Unit Examination. 
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1. Add lOOlOHOo to 1101 2 . 

2. Subtract 1011 2 from 10110110 2 . 

3. Multiply 1001 2 by 1100 2 . 

4. Divide 100111 2 with 110 2 . 

5. The l's complement of 00110110 2 is 

6. The 2's complement of 00110110 2 is 

7. Using 2's complement arithmetic, add +75 10 to -6 10 . 

8. Using 2's complement arithmetic, add -35 10 to -75 10 . 

9. Using 2's complement arithmetic, subtract -15 10 from -85 10 . 

10. The truth table Figure 3-13represents the logical 

function. 



INPUT 


OUTPUT 


A 


B 


C 


0 


0 


0 


1 


0 


1 


0 


1 


1 


1 


1 


0 



Figure 3-13 
Truth Table for Exam Question 10. 



11. Logically AND 11011010 with 10010110. 

12. Logically OR 11011010 with 10010110. 

13. Logically EOR 11011010 with 10010110. 

14. Logically invert 11011010. 
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Unit 4 

INTRODUCTION 
TO PROGRAMMING 

INTRODUCTION 

In the final analysis there are only two things you can do with a micro- 
processor. You can program it and you can interface it with the outside 
world. In this course, you learn to program the microprocessor first. This 
unit, along with the associated cassette tape and experiments, will serve 
as an introduction to programming. 



The programs you encounter in this unit are simple enough that anyone 
can understand them, and yet they illustrate many important concepts. 
By studying these programs, you will develop an Understanding of how 
the microprocessor handles complex tasks. At the same time, you will 
gain practice using the instruction set. 
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UNIT OBJECTIVES 

When you have completed this unit, you will be able to: 

1. Explain the difference between machine language, assembly lan- 
guage, interpretive language, and compiler language. 

2. Define assembler, compiler, interpreter, object program, source 
program, BASIC, FORTRAN, and COBOL. 

3. Draw the symbols used in flow charting and explain the purpose of 
each. 

4. Develop flow charts that illustrate step-by-step procedures for solv- 
ing simple problems. 

5. Explain the purpose of conditional and unconditional branching. 

6. Using the block diagram of the hypothetical microprocessor, trace 
the data flow during the execution of a branch instruction. 

7. Compute the proper relative address for branching forward or 
backward from one point to another in a program. 

8. Explain the purpose of the carry, negative, zero, and overflow flags. 
Give an example of a situation that can cause each to be set and 
another example that will cause each to clear. List eight instruc- 
tions that test one of these flags. 

9. Write programs that can: multiply by repeated addition; divide by 
repeated subtraction; convert binary to BCD; convert BCD to bi- 
nary; add multiple-precision numbers; subtract multiple-precision 
numbers; add BCD numbers. 
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UNIT ACTIVITY GUIDE 



Completion 
Time 



I I Play Cassette Tape Section 

' 'Introduction to Programming/ ' 

I I Read Section on Branching. 

I I Complete Self-Test Review Questions 1-9. 

I I Read Section on Conditional Branching. 

□ Complete Self-Test Review Questions 10-19. 
I I Read Section on Algorithms. 

I I Complete Self-Test Review Questions 20-29. 

I I Read Section on Additional Instructions. 

□ Complete Self-Test Review Questions 30-37. 



I | Perform Programming Experiments 5 and 6. 



I | Complete Unit Examination. 



I I Check Examination Answers. 
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BRANCHING 

The programs discussed earlier were all "straight line" programs; the 
instructions were executed one after another in the order in which they 
were written. Programs of this type are extremely limited because they 
use only a fraction of the microprocessor's power. 

The real power of the microprocessor comes from its ability to execute a 
section of a program over and over again. In an earlier program we saw 
that two numbers could be multiplied by repeated addition. As long as 
the numbers are very small and we know the value of the two numbers, 
we can write a "straight line" program to multiply the numbers. For 
example, 9 could be multiplied by 4 with the following program: 



Address 


Instruction/Data 


Comments 


00 


LDA 05 


Load direct 


01 


ADD 05 


Add direct 


02 


ADD 05 


Add direct 


03 


ADD 05 


Add direct 


04 


HLT 




05 


09 





This technique is very crude for a number of reasons. If the two numbers 
are large, such as 98 and 112, the number of ADD instructions becomes 
excessive. Moreover, the values of the two numbers to be multiplied are 
generally not known. Therefore, even if we were willing to write enough 
ADD instructions, we simply would not know how many to write. Obvi- 
ously, some better technique must be available. 

A technique that is used in virtually every program is called looping. This 
allows a section of the program to be run as often as needed. Every 
microprocessor has a group of instructions called JUMP or BRANCH 
instructions that allow it to execute these program loops. These allow the 
microprocessor to escape the normal instruction sequence. 

The microprocessor discussed in this course has both jump and branch 
instructions. In this unit, we will confine our discussion to the branch 
instructions. In a later unit we will discuss the jump instructions. 

Before discussing the types of branch instructions, we must first discuss a 
new addressing mode called relative addressing. 
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Relative Addressing 



In previous units, we discussed immediate addressing and direct 
addressing. Recall that in the immediate addressing mode no address is 
specified. The data is assumed to be the byte following the opcode. In 
direct addressing, an address is given. The data is assumed to be at that 
address. 



Branch instructions are somewhat different from the instructions 
discussed earlier. While the branch instruction has an address associated 
with it, the address does not indicate the location of data. Instead, the 
address indicates the location of the next instruction that is to be exe- 
cuted. 

The format of the branch instruction is shown in Figure 4-1. All branch 
instructions are 2-byte instructions. The first byte is the 8-bit opcode. 
This code identifies the particular type of branch instructipn. As you will 
see later, a microprocessor may have a dozen or more different branch 
instructions. Each has its own opcode that uniquely identifies it. 



: i R S T BYTE 



SECOND BYTE 



OPCODE 
RELATIVE ADDRESS 



| [ | OF NEXT INSTRUCTION 
TO 3E EXECUTED 



Figure 4-1 
Format of the branch instruction. 

The second byte of the branch instruction indicates the point to which the 
program is to branch. That is, it specifies the address of the next instruc- 
tion that is to be executed. 



In some microprocessors, the address is absolute. That is, the address is 
the memory location that holds the next instruction. In this case, the 
instruction BRANCH 30 16 would mean that the instruction to be executed 
next is at address 30 16 . In other words, some microprocessors use direct 
addressing when branching. 

Our hypothetical microprocessor uses a different technique called rela- 
tive addressing. In this addressing mode, the byte following the opcode 
does not represent an absolute address. Instead, it is a number that must 
be added to the program counter to form the new address. Consider the 
instruction: 



BRANCH 30 
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Using relative addressing, this does not mean that the next instruction is 
to be taken from memory location 30 16 . Rather, it means that 30 16 must be 
added to the present contents of the program counter. Thus, if the pro- 
gram counter is at 08 16 when the BRANCH 30 16 instruction is executed, 
the next instruction will be fetched from location 08 16 + 30 16 = 38 16 . 

By the same token, if the contents of the program counter is FA 16 when a 
BRANCH 03 is encountered, the next instruction will be fetched from 
location FA 16 + 03 = FD 16 . Notice that this allows the MPU to jump over 
the instructions at addresses FB 16 and FC 16 . 



Executing a Branch Instruction 

Determining the relative address to use as the second byte of the branch 
instruction can be confusing unless you keep in mind the method by 
which the MPU executes a program. Therefore, let's go through the 
manipulations that take place within the MPU during the execution of 
the branch instruction. 

Figure 4-2 shows sections of a program stored in memory. Let's assume 
that the MPU has been executing this program. Let's further assume that 
the MPU just completed the execution of the LDA 05 instruction at 
addresses 12 16 and 13 16 . The address register still holds the address of the 
last byte that was read from memory. The accumulator and data register 
hold the contents (05) of the last location that was read out. 

Notice that the program counter contains the address of the next instruc- 
tion to be executed. This address points to the branch instruction in 
memory location 14 16 . Let's pick up the action at this point. 
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-Ho 
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0001 1111 















Figure 4-2 
Status of the MPU registers after 
executing the LDA 05 instruction. 
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Figure 4-3 shows how the first byte of the branch instruction is fetched. 
This is the standard fetch operation that was discussed earlier: 

1. The address (14 J6 ) is transferred from the program counter to 
the address register. 

2. The program counter is incremented to 15 16 . 

3. The address is strobed onto the address bus. 

4. The contents of the selected memory location are transferred 
via the data bus to the data register. 

5. The instruction decoder examines this opcode and finds it to be 
a branch instruction. 



Figure 4-3 
Fetching the BRA instruction. 



MICROPROCESSOR UNIT 
(MPU) 



ACCUMULATOR 



lo|o|oMoli!o|ofrJ C0UNIER 




mm 




MEMORY , 




: ft! NARY 


A1N£ AVON I CS/ | 
CONTENtS \1 









000 i 0 310 


2n: 


IDA 


om m\ 


CO 30 DID] 




0001 0100 


0010 ocoo 


BRA 


o&Di oiQi- 


: WW MM 




iOTt ana 










y 












M&i no o : 




.....■■■,■■„,,..,,■■,, 






DQO I 1101 


H>CC 1011 


ADO 


mi iuo 






oooi nil 











HEATHKIT , A . . 

CONTINUING Introduction to Programming 14-11 

EDUCATION 



Therefore, the controller-sequencer starts the procedure for executing a 
branch instruction. 

During the next machine cycle, the relative address is fetched. This 
procedure is shown in Figure 4-4. The major events are: 

1. The address (15 16 ) is transferred from the program counter to 
the address register. 

2. The program counter is incremented to 16 16 . 

3. The address (15 16 ) is strobed onto the address bus. 

4. The contents of location 15 16 are transferred to the data register 
via the data bus. 
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Figure 4-4 
Fetching the relative address. 
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Figure 4-5 shows the state of the various registers after the relative 
address is fetched. The relative address (07 16 ) is in the data register. Now 
look at the program counter. Notice that it points to address 16 16 . How- 
ever, the MPU has not yet finished executing the branch instruction. It 
must now compute the new address by adding the relative address to the 
program count. It uses the addition capabilities of the ALU to perform 
this function. That is, the program count and relative address are strobed 
into the ALU. The ALU adds the two together and produces a sum of 



This sum is loaded into the program counter. Thus, the next instruction is 
fetched from memory location 1D 16 . That is, the next instruction to be 
executed is the ADD 06 16 instruction. 



0001 0110 

0000 0111 

0001 1101 



program count 
relative address 
new program count 
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Figure 4-5 
Computing the address of the 
next instruction. 
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Branching Forward 

Branching in the forward direction is a simple task if you know the value 
of the program count when the relative address is added. A couple of 
examples will illustrate the procedure. 

In Figure 4-6A, the BRANCH 03 instruction is placed in locations 32 16 
and 33 16 . Assuming this instruction is executed, from which location will 
the next instruction be fetched? Remember that the program counter will 
always point to the next byte in sequence. Since the last byte fetched was 
the relative address from location 33 16 , the program counter must be at 
34 16 when the relative address is added. Adding the relative address 
produces a new program count of 



34 16 
+ 3 16 
37 16 



Thus, the next instruction will be fetched from location 37 



HEX 
ADDRESS 


HEX 
CONTENTS 


MNEMONICS/ 
HEX CONTENTS 


32 
33 

I 34 

35 

I 36 

V 

/ 38 


20 
03 


BRA 

03 



Program will 
branch to here 



Figure 4-6 
Branching forward. 



HEX 
ADDRESS 



\ 



18 
19 

"1A> 
1B 
1C 
1D 
1E 
1F 
20 
21 
22 
23 
24 " 



/ 

We wish to 
Branch to here 



HEX 
CONTENTS 



20 
?? 



- Originating Address 



^Destination Address 



MNEMONICS/ 
HEX CONTENTS 



BRA 

77 



B 



HEATHKIT 



Introduction to Programming 

4-15 



CONTINUING 
EDUCATION 



Figure 4-6B shows a slightly different situation. Here we wish to branch 
to the instruction at address 24 16 . The opcode for the branch instruction is 
at address 18, 6 . What relative address is required at location 19 16 in order 
to implement this branch? 

Keep in mind that the program count will automatically advance to 1A 16 
after the relative address is fetched from address 19 16 . Also, remember 
that the relative address is added to the program count. Thus, a relative 
address of 00 would result in a "branch" to location 1A 16 . A relative 
address of 01 would result in a branch to location 1B 16 . Continuing this 
procedure until location 24 16 is reached , you find that a relative address of 
10 10 is required. That is, the relative address must be 0A 16 or 10 10 . 

There is a simple procedure for determining the relative address when 
branching forward. Subtract the originating address from the destination 
address. The difference is the relative address. 

In our example, the originating address is 1A 16 . Remember this is the 
program count at the time the relative address is added. The destination 
address or the address to which you wish to branch is 24 16 . Subtracting 
the originating address from the destination address, you find that the 
required relative address is 



0010 0100 2 
-0001 1010 2 
0000 1010 2 



24 16 
1A 16 
0A 16 



Destination address 
Originating address 
Relative address 



As you can see, a relative address of 0A 16 is called for. 
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Branching Backward 



A backward branch is used when a part of the program is to be repeated. 
The technique used for branching backward is similar to that used in 
branching forward. The difference is that a negative number is used as the 
relative address. As you learned earlier, two's complement representa- 
tion is used to signify negative and positive numbers. Therefore, the 
relative address portion of any branch instruction is interpreted as a two's 
complement number. 

This means that bit 7 of the relative address byte is a sign bit. A 0 at bit 7 
tells the MPU to branch forward; a 1 tells it to branch backward. Thus, the 
positive values for the relative address extend from 0000 0000 2 to 0111 
1111 2 . This is 00 16 to 7F 16 and 00 10 to +127 10 . 

The negative values extend from llllllll 2 to 1000 0000 2 . This is FF 16 to 
80 16 and -1 to -128 10 . But remember, the relative address is with respect 
to the present program count. At the time the relative address is added, 
the program count points to the next byte after the relative address. Let's 
look at two examples of branching backward. 

The first example is shown in Figure 4-7A. To what point does the MPU 
branch when the branch instruction at address 5D 16 is executed? Notice 
that the relative address is F9 16 . In binary this is 1111 100 1 2 . Recall that 
this is the two's complement representation of -7. Thus, the program 
count should jump backwards 7 bytes — but from what point? Recall that 
after the byte at address 5E is fetched, the program count will automati- 
cally advance to 5F 16 or 0101 1111 2 . When the relative address (F9 16 or 
1111 1001 2 ) is added, the result is 



Carry is ignored » 

The carry bit is ignored, leaving a new program count of 58 16 . Thus, the 
next instruction will be fetched from address 58 16 . 

Figure 4-7B shows a different problem. Here we want the branch instruc- 
tion at addresses B0 and Bl to direct the MPU back to address AO. What 
relative address is required? A simple procedure is: 

1. Subtract the destination address from the originating address. 



0101 1111 
+ 1111 1001 
1 0101 1000 



Old program count 
Relative Address 
New program count 




2. Take the two s complement of the difference. 
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Figure 4-7 
Branching backwards. 



In our example, the program count will be advanced to B2 16 after the 
relative address is fetched. This is our originating address. The point to 
which we wish to branch is A0 16 . This is our destination address. Sub- 
tracting yields a difference of 

1011 0010 2 B2 16 Originating address 
- 1010 0QQQ 2 A0 16 Destination address 
0001 001 0 2 12 16 Difference 

Next you compute the relative address by taking the two's complement of 
the difference. The two's complement of 0001 0010 2 is 1110 1110 2 . In 
hexadecimal this is EE 16 . Thus, the required relative address is EE 16 . 
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Self-Test Review 

1. What addressing mode is used by the branch instruction? 

2. What does the second byte of a branch instruction indicate? 

3. What happens in the MPU during the execution of the branch 
instruction? 

4. What type of relative address causes a branch forward? 

5. What type of relative address causes a branch backwards? 

6. What is the maximum number of memory locations that can be 
branched over during a forward branch? 

7. What is the maximum number of memory locations that can be 
branched over during a backward branch? 

8. The opcode for the branch instruction is at address 20 16 . The rela- 
tive address is 06 16 . After the branch instruction is executed, from 
what address will the next opcode be fetched? 

9. The opcode for the branch instruction is at address 20 16 . The rela- 
tive address is Fl 16 . After the branch instruction is executed, from 
what address will the next opcode be fetched? 
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Answers 



1. Relative addressing. 

2. The second byte of the branch instruction is the relative address. 
This number is added to the contents of the program counter to 
form the absolute address. 

3. The relative address is retrieved from memory and is added to the 
program count. The new program count goes into the program 
counter. 

4. A positive two's complement number. 

5. A negative two's complement number. 

6. 0111 1111 2 or +127 10 . 

7. 1000 0000 2 or -128 10 . 

8. 28 l6 . Recall that during the execution of the branch instruction, the 
program counter will be incremented twice to 22 l6 . Thus, when the 
relative address (06 16 ) is added, the new address becomes 28 l6 . 

9. As in answer 8, the program counter is automatically advanced to 
22 16 (0010 0010 2 ) before the relative address is added. Fl 16 is 
equal to 1111 0001 2 . When this is added to the program count, the 
new address becomes 

Old program count 
Relative address 
New program count 



0010 0010 2 
1111 0001 2 
1 0001 0011 2 



Ignore carry 




Thus, the next opcode will be fetched from address 13 



HEATHKIT 

UNIT FOUR EDUCATION 



CONDITIONAL BRANCHING 



The branch instruction allows the MPU to jump forward over a block of 
data or over a portion of a program. It also allows the MPU to jump 
backwards so a group of instructions can be repeated. 

Until now we have been discussing the unconditional branch instruc- 
tion. This type of instruction always results in a program branch. For this 
reason, it is called the BRanch Always instruction. Its mnemonic is BRA. 

There are other types of branch instructions that greatly expand the 
versatility of the MPU. These are called conditional branch instructions. 
Unlike BRA, these instructions cause a branch only if some specified 
condition is met. 

A good example of a conditional branch instruction is the Branch If 
Minus (BMI) . This instruction may or may not initiate a branch operation, 
depending on the result of some previous arithmetic or logic operation. 
This instruction might be placed after a subtract instruction. If the result 
of the subtraction is a negative number, the branch would be im- 
plemented. Otherwise, the MPU would continue to fetch and execute 
instructions in numerical order. An example may help to illustrate this. 



Figure 4-8 shows part of a program that uses the branch if minus (BMI) 
instruction. Let's start with the instruction at address 95 16 . This instruc- 
tion causes the contents of location B0 16 to be loaded into the ac- 
cumulator. Next, the SUB instruction subtracts the contents of location 
Bl 16 from the number in the accumulator. The next instruction (BMI) 
examines the result of the subtraction. If the result was a minus number, 
the program will branch over the next three bytes. That is, the next 
instruction to be executed is the STA instruction at address 9E 16 . Thus, 
the resulting number in the accumulator is stored in location B3 16 and the 
MPU halts. 



If the result of the subtraction is not minus, the BMI instruction has no 
effect. That is, the BMI instruction is fetched and executed but no branch 
occurs because the specified condition is not met. In this case, the next 
instruction to be executed is the STA instruction at address 9B 16 . Thus, 
the result of the subtraction will be stored in location B2 16 . 
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BO 
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9A 
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B2 
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9D 


3E 
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9E 


97 


STA 


If result is minus, store 


9F 


B3 


B3 


it at this address: 


AO 


3E 


HLT 


then halt. 



Figure 4-8 
This program uses the BMI instruction 
to make a simple decision. 



Notice that the program flow can take one of two paths, depending on the 
result of the subtraction. The BMI instruction gives the MPU this capabil- 
ity. The conditional branch instructions are sometimes called "decision 
making instructions/' The reason for this becomes obvious if you con- 
sider the implications of our sample program. Here the MPU decides if 
the number at address Bl 16 is Larger than that at B0 16 . The program path is 
determined by the outcome of this decision. If the number in Bl 16 is 
larger, the result of the subtraction is a negative number. In this case, the 
result is stored in location B3 16 . Otherwise, the resulting difference is 
stored in location B2 16 . 

Virtually all programs must make some type of decision. Some frequently 
encountered decisions are: 

"Which of two numbers is larger?" 

"Does this byte represent a letter of the alphabet or a numeral?" 
"Are these two numbers equal?" 
"Is this an even number?" 

"Has the program loop been repeated the proper number of 
times?" 



Conditional branch instructions are used in making all of these decisions. 
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Condition Codes 

As the name implies, a conditional branch instruction causes a program 
branch only if some specified condition is met. Some commonly moni- 
tored conditions are: 

] 1. Did a previous operation result in a negative number in the 
j accumulator? 

! 2. Did a previous operation result in zero in the accumulator? 

! 3. Did a previous operation result in a carry from bit 7 of the 
I accumulator? 



To keep track of these conditions, most microprocessors have a group of 
single bit registers called condition code registers. Three of these regis- 
ters are shown in Figure 4-9. They are the Negative (N) Register, the Zero 
(Z) Register, and the Carry (C) Register. 



Negative (N) Register Recall that negative numbers are expressed in 
two's complement form. Using this system, the most significant bit de- 
3117 3 1 T 0 termines whether or not the number is negative. In an 8-bit byte, bit 7 is a 

Figure 4-9 1 if the two's complement number is negative. Thus, the N register 

Condition code registers monitor the monitors bit 7 of the accumulator. Immediately after an operation that 
operations in the accumulator. invo i ves the accumulator, the N register looks at bit 7 to see if the number 

is negative. If so, the N register is set to 1 . If the number in the accumulator 
is not negative, the N register is reset to 0. 

Most operations that involve the accumulator affect the N register in this 
way — but not all. In a later unit we will point out how this register is 
affected by each instruction. In this unit, we will assume that the N 
register is affected as outlined above any time a number is added to, 
subtracted from, loaded into, or stored from the accumulator. 

Another name for a condition code is a flag. Thus, the N register is 
sometimes called the N flag or the negative flag. 

Zero (Z) Register This register monitors the accumulator looking for all 
zeros. Immediately after an operation that involves the accumulator, the 
zero-detect circuit looks at the resulting number. If all 8 bits are 0, the Z 
register is set to 1. Otherwise, the Z register is reset to 0. Most operations 
that involve the accumulator affect the Z register in this way. 



CONDITION CODE REGISTERS 



CARRY NEGATIVE ZERO 

REGISTER REGISTER REGISTER 
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Carry (C) Register The C register acts somewhat like an extension of the 
accumulator. You have seen that when two unsigned 8-bit numbers are 
added, the sum is frequently a 9-bit number. For example: 

1001 0010 8-bit addend 
+ 11QQ QUO 8-bit augend 
1 0101 1000 9-bit sum 




Since the accumulator is an 8-bit register, the sum will not fit. The most 
significant bit (the carry) would be lost if you did not have another 1-bit 
register to hold it. This is the purpose of the C register. Any operation that 
causes a carry out of bit 7 will set the carry register to 1. Arithmetic 
operations that do not result in a carry will reset this register to 0. 

The carry register is also used to keep track of "borrows" during subtract 
operations. If a subtraction requires a borrow for bit 7, the carry flag will 
also be set. For example, suppose you subtract an unsigned, binary 
number from a smaller unsigned binary number. The result will, of 
course, be a negative number. Moreover, bit 7 will have to "borrow" a bit 
to complete the subtraction. As a simple example, let's subtract 2 from 1. 
The subtraction looks like this 



Borrow — > 1 

0000 0001 Minuend 

- 0000 0010 Subtrahend 

1111 1111 Difference 



The carry bit is set to 1 to indicate that a borrow operation occurred. Many 
subtraction operations do not require borrows. In these cases, the carry bit 
is reset to 0 to indicate that no borrow occurred. 

Notice that the carry code can have different meanings, depending on the 
operation involved. That is, a 1 can mean either that a carry occurred or 
that a borrow occurred. The precise meaning of the 1 depends on whether 
the operation was an addition or a subtraction. We will discuss some 
additional aspects of the carry register in a later unit. 
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Overflow (V) Register The final condition code that is to be considered 
in this unit keeps track of two's complement overflow. Figure 4-10 shows 
how this register is connected in the MPU. A special circuit detects an 
overflow condition by monitoring bit 7 of the ALU's input and output 
lines. This circuit sets the V flag when an overflow occurs but clears it if 
no overflow occurs. 




TO 
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ARITHMETIC LOGIC UNIT 
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1 INPUT 



7 0 
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-ROM 
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AAAAAAAA 

FROM 
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Figure 4-10 
The overflow register monitors bit 7 of 
the ALU's input and output lines. 
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Let's see what is meant by two's complement overflow. Recall that the 
ALU adds numbers as if they were unsigned binary numbers. Even so, it 
can handle signed binary numbers if the proper bit patterns represent the 
negative numbers. This is the reason that the two's complement method 
of representing signed numbers has become so popular. A disadvantage 
of this system is that the magnitude of the number must be represented by 
7 bits, since the eighth bit is used as the sign. Remember that a 1 in the 
MSB defines the number as negative. 

Unfortunately, if two signed numbers are added and their sum exceeds 
7 -bits, the sign bit will be changed. For example, assume that a program 
adds +73 10 and +96 10 . The addition looks like this: 



0100 1001 2 +73 
0110 0000 2 +96 
1010 1001 2 169 



The answer is correct if all the binary numbers represent unsigned quan- 
tities. However, using two's complement, the underlined bits represent 
sign bits. Therefore, the answer does not represent 169 10 . Instead, it 
represents -87 10 . The reason for this error is that there was an overflow 
from bit 6 into the sign bit (bit 7). This is one of the situations that the V 
flag indicates. 

When two's complement numbers having the same sign are added, the 
sum should have the same sign. That is, when two positive numbers are 
added, the sum should be positive. By the same token, when two negative 
numbers are added, the sum should be negative. However, an overflow 
can cause the sign to be reversed. The overflow logic detects this situation 
and sets the V flag whenever an overflow occurs. 

The sign bit can also be upset during subtract operations. For example, 
when a negative number is subtracted from a positive number, the results 
should be positive. Remember that subtracting a negative number is 
tantamount to adding a positive number. However, in certain cases, an 
overflow can reverse the sign bit. This type of overflow occurs when the 
signs of the minuend and subtrahend are opposite and the difference has 
the sign of the subtrahend. This condition also sets the V flag. 
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Conditional Branch Instructions 

The conditional branch instructions available in our hypothetical micro- 
processor are shown in Figure 4-11. While these are largely self- 
explanatory, a couple of points should be mentioned. 



INSTRUCTION 
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OPCODE 
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Branch If Carry Set 


BCS 


25 
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28 
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BVS 1 


29 
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Figure 4-11 
Conditional Branch Instructions. 



The first instruction, Branch If Carry Clear (BCC) , monitors the C register. 
If the carry register is reset to 0, the branch is implemented. Notice that 
the words "clear" and "reset" are used interchangeably in this regard. 
They both mean the register contains a 0. 



The branch instructions that monitor the Z register can also be confusing. 
The Branch If Equal Zero (BEQ) instruction implements a branch when 
the Z register is set to 1. Recall that the Z register is set to 1 when the 
number in the accumulator is zero. Thus, you must remember that a 0 in 
the Z register means that the number in the accumulator is not zero. 

These conditional branch instructions can be used with other instruc- 
tions to make a wide range of decisions. They greatly increase the power 
of the microprocessor. More than any other type of instruction, the 
conditional branches are responsible for the MPU's "intelligence." In the 
next section, you will see how these instructions are used. 
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Self-Test Review 



10. What is the difference between an unconditional branch instruc- 
tion and a conditional branch instruction? 

11. What condition is tested by the branch if minus (BMI) instruction? 

12. When is the N flag set? 

13. When is the Z flag set? 

14. During an add operation, the C flag is set. What does this represent? 

15. During a subtract operation, the C flag is set. What does this indi- 
cate? 

16. Often, when two positive 2's complement numbers are added, the 
sign bit of the answer will indicate a negative sum. This "error" can 
be spotted by checking which flag? 

17. Under what condition will the BEQ instruction cause a branch to 
occur? 

18. Under what condition will the BPL instruction cause a branch to 
occur? 

19. When subtracting unsigned binary numbers, which flag indicates 
that the difference is a negative number? 



HEATHKIT 

A OQ ,,.,,-r rnnn CONTINUING 

UNIT FOUR EDUCATION 



Answers 

10. An unconditional branch instruction always causes a branch oper- 
ation to occur. On the other hand, the conditional branch instruc- 
tion implements a branch operation only if some specified condi- 
tion is met. 

11 . The BMI instruction tests the Negative (N) register to see if it is set. 

12. Generally speaking, the N flag is set if the previous instruction left a 
1 in the MSB of the accumulator. 

13. Generally, the Z flag is set if the previous instruction left all zeros in 
the accumulator. 

14. During an add operation, the carry bit is set if there is a carry from 
bit 7 of the accumulator. 

15. During a subtract operation, the carry bit is set if bit 7 had to 
"borrow" a bit to complete the subtraction. 

16. This condition results from a two's complement overflow. Thus, 
the V flag will be set if this condition occurs. 

17. The BEQ instruction causes a branch to occur only if the Z register 
is set. 

18. The BPL instruction causes a branch to occur only if the N register 
is clear. 



19. 



The carry flag. 
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ALGORITHMS 



An algorithm is a step-by-step procedure for doing a particular job. It 
generally involves doing a complex task by stringing together a series of 
simple steps. To illustrate the use of an algorithm, consider the following 
very simple example. 

Multiplying by Repeated Addition 

Most microprocessors do not have hardware multiply capabilities. That 
is, they do not have a multiplication circuit nor a multiply instruction. 
Nevertheless, the microprocessor can be made to multiply by use of an 
algorithm. One procedure for doing this was discussed earlier. It in- 
volved adding the multiplicand to itself the number of times indicated by 
the multiplier. In the previous example, this was done by using a separate 
ADD instruction for each addition. This procedure is unsatisfactory for 
two reasons. First, it results in excessively long programs. Second, you 
must know the value of the multiplier so that you know how many ADD 
instructions to include. 

A better approach, although still far from ideal, is to use a program loop 
that will multiply two numbers by repeated addition. For the time being, 
assume that the two numbers are both positive and that the product does 
not exceed 255 10 . Let's further assume that we use only the instructions 
which have been discussed up to this point. In fact, we will restrict 
ourselves to the instructions shown in Figure 4-12. 
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Figure 4-12 
Instructions to be used. 
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The algorithm for multiplying by repeated addition is quite simple. To 
multiply A times B, you merely add A to a specific location B times. For 
example, to multiply 5 times 3, you clear a location and then add 5. You 
continue the addition until 5 has been added 3 times. The number in the 
affected location will then be 15 10 which is the product of 5 times 3. 

The success of this operation depends on the microprocessor knowing 
when to stop. It must add 5 three times, but only three times. One way to 
keep track of the number of additions is to decrement the multiplier (3) 
each time an addition is made. When the multiplier reaches 0, the proper 
number of multiplications has been carried out. 

Figure 4-13 is a flow chart that illustrates the algorithm. In the first two 
steps, the MPU clears the accumulator and stores the resulting number (0) 
in the product. This ensures that the product is zero before the first 
number is added. Next, it loads the multiplier and checks to see if the 
multiplier is 0. If so, the process is stopped since a multiplier of 0 dictates 
a product of 0. 

In our example, the multiplier is 3; therefore, we exit the decision block 
via the "no" line. The next step tells us to decrement the multiplier. The 
new value of the multiplier (2) is stored for future use. Next, the product 
whose present value is 0 is loaded. Then, the multiplicand (5) is added so 
that the new value of the product becomes 5. This completes our first pass 
through the program. Remember that the multiplicand has been added 
once and that the multiplier has been reduced by one. 

Notice that the program loops back to the input of the second block. The 
product which now has a value of 5 is stored back in memory. The 
multiplier (which is now 2) is loaded and tested. Because its value is not 
yet 0, the multiplier is decremented to 1 and stored again. The product 
(whose value is now 5) is then loaded and the multiplicand is added so 
that a new value of 10 10 is obtained. 

The program loops again and the new product (10 10 ) is stored. The 
multiplier (whose value is now 1) is loaded and tested. Because its value 
is still not 0, it is decremented again. Notice that the value of the multip- 
lier is now 0. This value is stored away, the product (10j 0 ) is fetched, and 
the multiplicand is added once more. The new value of the product 
becomes 15 10 . 



HEATHKIT 

CONTINUING 
EDUCATION 



Introduction to Programming 



4-31 



Q START 



Clear 
Accumulator 



Store 
Product 



Load the 




Doe* 
Multiplier 

= 0? 



YES 





NO 


Decrement 
the 
Multiplier 






Store the 
Multiplier 






Load the 
Product 






Add the 
Multiplicand 



Q STOP 



Figure 4-13 
Flow chart for multiplying by repeated 
addition. 



The program loops again and the product is stored. The multiplier is 
loaded and tested. Recall that the value of the multiplier is now 0. 
Consequently, we exit the decision block via the "yes" line. The program 
has accomplished its task and it now stops. Notice that the value of the 
product is 15 10 which is the proper answer for 5 x 3. 
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The next task is to convert the flow chart to a program that the computer 
can execute. Figure 4-14 shows such a program. Carefully compare this 
program to the flow chart paying particular attention to the comments 
column. Work through the program on paper and verify that it will 
multiply the numbers at addresses 11 16 and 12 16 . Although 3 and 5 are 
used in this example, the program will work for any values of multiplier 
and multiplicand as long as the product does not exceed 255 10 . 
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Figure 4-14 
This program multiplies the numbers 
at addresses 1 1 , 6 and 12 16f and places 
their product at address 13 I6 . 
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Dividing by Repeated Subtraction 

Another interesting algorithm is one that allows the microprocessor to 
divide by repeated subtraction. The technique is to keep track of the 
number of times that the divisor can be subtracted from the dividend. For 
example, suppose you wish to divide 47 10 by 15 10 . The divisor can be 
subtracted 3 times: 

First subtraction Second Subtraction Third Subtraction 




Because three subtractions occurred, the quotient is 3. Also, because 2 
was left after the last subtraction, the remainder is 2. We can verify this by 
long division: 

3 10 <— Quotient 
divisor -» 15 10 ) 47 10 «— Dividend 

'45 10 

2 10 <— Remainder 



The microprocessor keeps track of the number of subtractions by incre- 
menting the quotient by one each time a subtraction occurs. Of course, 
the quotient must be initially set to zero. 

The divisor is subtracted from the dividend until any further subtraction 
would result in a negative number. The MPU can use the BMI instruction 
to check for a negative result on each loop. The negative result is the 
indication that the process is finished. 
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A flow chart for this algorithm is shown in Figure 4-15. The actual 
program is shown in Figure 4-16. The program is arbitrarily placed in 
locations 00 through 10 16 . The dividend (47 10 ) is at address 11 16 while the 
divisor (15 10 ) is at address 12 16 . When executed, the program will produce 
the quotient at location 13 16 and the remainder at location 11 16 . 
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Figure 4-15 

Flow chart for dividing by repeated 
subtraction. 



HEATHKIT , , 0( - 

EDUCATION Introduction to Programming | H"O0 



HEX 


HEX 


MNEMONIC/HEX 




ADDRESS 


CONTENTS 


CONTENTS 


00 


4F 




OLMA 


Clear the accumulator. 


01 


97 






Store in the Quotient which 








02 


13 






13 


is at address location 13,*. 


03 


96 






LDA 


Load the accumulator with the 


04 


1 1 






11 


dividend from location 1 1 !H . 


05 


9C 






SUB 


Subtract the 


06 


12 






12 


divisor from the dividend. 




2B 






BMI 


If the difference is negative, branch 


08 


07 






. 07 


down to the Halt instruction. 


09 


97 






STA 


Otherwise, store the difference 


OA 


11 *~ 






11 


back in location 1 1 


0B 


96 






LDA 


Load the accumulator with the 


OC 


13 






13 


quotient. 


0D 


4C 






INCA 


Increment the quotient by one. 


0E 


20 






BRA 


Branch back to instruction 


OF 


F1 






F1 


in location 01. 






10 


3E 




Halt. 


11 


2F 




2F 


Dividend (47,„). 


12 


OF 




OF 


Divisor (15,,,). 


13 








Quotient. 



Figure 4-16 
This program divides by 
repeatedly subtracting the 
divisor from the dividend. 



Refer to the flow chart and the comments column of the program. Before 
reading further, try running through the program on paper. This will give 
you a feel for how the computer solves the problem. 

Now let's go through the program to see what it does. The first two 
instructions clear the quotient. Next, the dividend (47 10 ) is loaded into the 
accumulator and the divisor (15 10 ) is subtracted. The BMI instruction is 
used to examine the difference (32 10 ). Since the difference is not minus, 
the branch does not occur. Consequently, the next instruction stores the 
difference (32 10 ) back in the location from which the dividend came. In 
effect, the difference becomes the new dividend. Next the quotient (0) is 
loaded and is incremented to 1. The program then branches back to the 
instruction in location 01. This instruction stores the quotient (1) back in 
location 13 16 . 
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On the next pass through the program, the new dividend (32 10 ) is loaded 
and the divisor (15 10 ) is subtracted again. This produces a difference of 
(17 10 ). Since the difference is not negative, the BMI instruction does not 
cause a branch. Thus, the difference is stored back in location 11 16 . The 
quotient is loaded into the accumulator and is incremented to 2. The BRA 
instruction causes the program to loop once again. The STA instruction 
in location 01 stores the quotient (2) back in location 13 16 . 

On the third pass the dividend (17 10 ) is loaded and the divisor (15 10 ) is 
subtracted a third time. The difference (02) is still not negative so no 
branch occurs. The difference is stored away; the quotient is loaded and is 
incremented to 03. Notice that this is the proper final value for the 
quotient. Therefore, on the next pass, the MPU should be able to break out 
of the loop. 

The quotient is stored back in location 13 16 . The dividend, which now has 
a value of 2, is loaded. The divisor (15 10 ) is subtracted, leaving a negative 
number (-13 10 ) in the accumulator. The BMI instruction recognizes that 
this is a negative number and implements a branch operation. Notice that 
the MPU branches forward to the HLT instruction. Thus, the program 
ends with the quotient set to 3. The remainder is at address 11 16 . That is, 
the remainder is what remains of the dividend after the third subtraction. 

It may bother you that there were four subtractions and that a negative 
difference resulted from the last subtraction. However, you will recall 
that the quotient was incremented only on the first three of these subtrac- 
tions. Thus, the final quotient is 3. Moreover, the negative difference that 
resulted during the last subtraction was never stored. Consequently, the 
remainder was 2 when the program ended. 

This program does have some drawbacks. For one thing, neither the 
dividend nor the divisor can exceed 127 10 . Also, only positive numbers 
can be used. Finally, the program gets hung up in an endless loop if the 
initial value of the divisor is zero. While division by zero is not allowed in 
mathematics, some provision would be made in a practical program to 
recognize this eventuality. Since the program is for demonstration pur- 
poses, we will live with these shortcomings for the time being. 
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Converting BCD to Binary 

When a microprocessor is used with a terminal such as a teletypewriter, 
numerals are entered as ASCII characters. For example, the number 237 10 
is entered into memory as three ASCII characters: 

Numeral ASCII Character 

2 0011 0010 

3 0011 0011 
7 0011 0111 

Notice that the four least significant bits of the ASCII character represent 
the BCD value of the corresponding numeral. Thus, we can convert these 
ASCII characters to BCD numbers simply by eliminating the four most 
significant bits. This technique was demonstrated in an earlier experi- 
ment. 

While the microprocessor does have some BCD capability, it is often 
desirable to convert BCD numbers to binary. The technique for doing this 
illustrates another useful algorithm. 

The BCD representation for 237 10 is: 

0010 <- hundreds BCD digit 

0011 <- tens BCD digit 
0111 «- units BCD digit 

Notice that in this example 0010 represents two hundred, 0011 repre- 
sents thirty, and 0111 represents seven. Because of this, there is a simple 
procedure for converting BCD to binary. Starting with an initial value of 
zero, the MPU adds 100 10 as many times as indicated by the hundreds 
digit. It then adds 10 10 as indicated by the tens digit. Finally, the value of 
the units digit is added on to the result. The steps involved look like this: 

1100100 2 100 10 ) One hundred added 
11001 00 2 1 00 10 ) 2 times 



1010 2 10 l0 
1010 2 10 10 



Ten added three times 



1010 2 10 10 
0111 2 7 10 7 units added 



11101101 2 = 237 



10 



As you can see, this procedure ends with a binary result of 1110 1101, 
which is the binary representation for 237 10 . 
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A flow chart for this procedure is shown in Figure 4-17. Here, the first 
step is to clear the binary result. We will be adding to this result, so it must 
start out at zero. 



( START ) 



Clear Binary 
Result 



1 *■ 






Load Hundreds 
Digit 


it zero 
1 NO 




Decrement 
Hundreds 
digit 








Store 
Hundreds 

digit 


1 




Load Binary 
Result 








Add 100 „ 


I 


Store Binary 
Result 







YES 



Next the program enters a loop in which it adds 100 10 to the binary result 
the number of times indicated by the hundreds digit of the BCD number. 
The hundreds digit is loaded and tested for zero. If it is not zero, the 
hundreds digit is decremented and stored back in memory. Then the 
binary result is loaded and 100 10 is added. The result is stored away and 
the loop is repeated. In our example, the hundreds digit was initially 2. 
Thus, this loop is repeated twice. The binary result will have the value 
1100 1000 2 (200 10 ) when the hundreds digit is reduced to zero. At that 
time, the program exits the decision block via the "yes" line and im- 
mediately encounters a second loop. 

The second loop is exactly like the first except that 10 10 is added to the 
binary result each time the tens digit of the BCD number is decremented. 
Because the tens digit was initially 3, this loop is repeated three times. 
Ten is added to the binary result three times, bringing the result to 
1110 0110 2 (230 10 ). The program exits this loop via the "yes" line on the 
pass after the tens digit is reduced to zero. 



Figure 4-17 
Flow chart for converting 
BCD to binary. 



YES 





NO 


Decrement 
tens digit 






Store tens 
digit 






Load Binary 
Result 






Add 10„, 






Store Binary 
Result 



Load Binary 
Result 



Add units 
digit 



Store Binary 
Result 



^ STOP ^ 
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The final three blocks add the units digit to the binary result. In our 
example, the units digit was 7 10 . This brings the final binary result to 
1110 1101 2 . Notice that this is the proper binary representation for the 
unsigned number 237 10 . 

A program that carries out this operation is shown in Figure 4-18. The 
three digit BCD number is stored in locations 28 16 , 29 16 , and 2A 16 . The 
binary equivalent will be computed and placed in location 2B 16 . Before 
reading further, try to work through the program. Refer to the flow chart 
and the comments column as you trace out the sequence that the MPU 
will follow. 



- HEX 
ADDRESS 



HEX 
CONTENTS 



MNEMONIC/HEX 
CONTENTS 



COMMENTS 



oo 

01 

02 

03 

04 

05 

06 

07 

08 

09 

OA 

0B 

0C 

0D 

0E 

OF 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
1A 
IB 
1C 
ID 
IE 
1F 
20 
21 
22 
23 
24 
25 
26 
27 
29 
29 
2A 
2B 



4F 

97 
2B 
96 
28 
27 
0B 
4A 
97 
28 
96 
2B 
8B 
64 
97 
2B 
20 
F1 
96 
29 
27 
0B 
4A 
97 
29 
96 
2B 
8B 
OA 
97 
2B 
20 
F1 
96 
2B 
9B 
2A 
97 
2B 
3E 
02 
03 
07 



CLRA 
STA 
2B 

y LDA >. 
\ 28 •; 
•r BEQ 

:•' ob '■: 
:-DECA-; 
: : sta ■: 
: : 28 : : 
: : lda : : 
:• 2B •: 
:• add '•; 
■: 64 •: 
'.; STA 
: : 2B 
: : bra ■'■ 
'r- fi :■ 

••LDA 

f 29 
-BEQ 
0B 
DECA 
STA 
29 
LDA 
2B 
ADD 
OA 
STA 
2B 
BRA 
— F1 
*- LDA : : 

: : : 2B : : 
;>add:- 
: : : 2A :j 
: : : sta > 

v 2B > 
y. hlt 

02 
03 
07 



Clear the accumulator 
Store 00 

m location 2B. This clears the binary result. 
Load aired 

the hundreds BCD digit. 

If the hundreds digit is zero, branch 

forward to the instruction in location 12,,.. 

Otherwise, decrement the accumulator. 

Store the result as the new 

hundreds BCD digit. 

Load direct 

the binary result. 

Add immediate 

100.,, to the binary resuit. 

Store away the new 

binary result. 

Branch 

back to the instruction in location 03... 

Load direct 

the tens BCD digit. 

If the tens BCD digit ts zero, branch 

forward to the instruction in location 21 „■,. 

Otherwise, decrement the accumulator. 

Store the result as the new 

tens BCD digit. 

Load direct 

the binary result. 

Add immediate 

10„, to the binary result. 

Store away the new 

binary result. 

Branch 

bacK to the instruction in location 12,„. 

Load direct 

the binary result. 

Add direct 

the units BCD digit. 

Store away the new 

binary resuit 

Halt. 

Hundreds BCD digit. 
Tens BCD digit. 
Unit BCD digit. 

Reserved for the binary result. 



Figure 4-18 

Program for converting BCD to binary. 
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Now let's briefly go through the program. The first two instructions clear 
the location at which the binary number will be formed. 

Next, the program enters the first loop, which is shown as the first shaded 
area. In this loop, the hundreds digit is loaded and tested for zero. If not 
zero, it is decremented and stored away. Then the binary result is loaded 
and 100 10 is added. The result is stored away and the loop is repeated. 
Because the hundreds digit was 02 initially, 100 10 will be added to the 
binary result twice. Thus, upon leaving this loop, the binary result will 
have the value 200 10 . The MPU escapes this loop when the BEQ instruc- 
tion at address 05 detects that the hundreds digit has been reduced to 
zero. The branch is to the second loop which is shown as an unshaded 
area. 

In the second loop, the tens digit is loaded and tested for zero. If not zero, 
it is decremented and stored away. Then the binary number is loaded, 
10 10 is added, and the result is stored away. This loop is repeated until the 
tens digit is reduced to zero. Because the tens digit was initially three, the 
loop is repeated three times so that thirty is added to the binary number. 
The BEQ instruction at address 14 16 allows the MPU to escape the loop 
and branch to the final program segment. 

This final segment is the last shaded area. Here, the binary result is loaded 
and the units digit is added. This brings the binary result to 237 10 . Then 
the result is stored and the program halts. While the number 237 io was 
used in this example, the program will convert any BCD number between 
000 and 255 10 to its binary equivalent. 
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Converting Binary to BCD 

A microprocessor generally manipulates data in the form of straight 
binary numbers. However, before the results can be transmitted to the 
outside world, the data is often converted back to BCD. Frequently, this is 
an intermediate step in converting back to ASCII. 

The binary-to-BCD conversion is the reverse of the process that occurred 
in the previous program. The MPU must determine how many times 
100 10 can be subtracted from the binary number. The answer becomes the 
hundreds BCD digit. After the 100 10 has been subtracted as many times as 
possible, 10 10 is subtracted repeatedly from the remaining number. The 
number of subtractions becomes the tens BCD digit. Finally, after 10 10 has 
been subtracted as many times as possible, the remaining number be- 
comes the units BCD digit. 

For the number 1110 1101 2 (237 10 ), the process looks likes this: 

1110 1101 

-QUO 0100 

1000 1001 

-QUO 0100 

0010 0101 

-0000 1010 

0001 1011 

-0000 1010 

0001 0001 

-0000 1010 

0000 0111 




.units digit = 7 



One hundred can be subtracted twice. Thus, the hundreds digit is 2 10 or 
0010 2 . From the remainder, ten can be subtracted three times. Thus, the 
tens digit is 3 10 or 0011 2 . Finally, the remainder of 7 10 or 0111 2 becomes 
the units digit. The BCD representation is 0010 0011 0111. 
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sun 




YES 



Increment 
Hundreds 
Digit 



Store 
Hundreds 
Oigit 



Figure 4-19 shows the flow chart for this procedure. The first three blocks 
clear the hundreds, tens, and units digits of the BCD result. Then the 
binary number that is to be converted to BCD is loaded and 100 10 is 
subtracted. The outcome is tested to see if a negative number resulted. If 
not, the result is stored away. The hundreds digit is loaded, incremented, 
and stored away. The loop is repeated until 100 10 can no longer be 
subtracted. In our example, 100 10 can be subtracted twice. Therefore, the 
hundreds digit is incremented to 2. The third subtraction of 100 10 gives a 
negative result. This allows the MPU to escape the first loop. 

The second loop increments the tens digit to the proper value by subtract- 
ing 10 10 repeatedly and keeping track of the number of subtractions. In 
our example, this loop is repeated three times. Consequently, the tens 
digit is incremented to 3. The binary number that is left over after 10i 0 is 
subtracted the proper number of times becomes the units digit. That is, 
upon escaping the second loop, the remaining binary number is stored in 
the units digit. In our example, the remaining number, and therefore the 
units digit, is 7. 




YES 



Load Binary 
Number 



Store in 
Units Digit 



( ^ ) 



Figure 4-19 
Flow chart for converting a binary 
number to a BCD number. 
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The program that carries out this procedure is shown in Figure 4-20. At 
this point, you should be able to interpret the program from the com- 
ments given. However, a couple of points should be explained briefly. 
Any unsigned binary number from 0000 0000 to 1111 1111 can be 
placed at address 2A 16 . The computer will convert this number into its 
BCD equivalent. The hundreds digit will appear at address 2B 16 , the tens 
digit at 2C 16 , and the units digit at 2D 16 . The decision making instructions 
at addresses 0B 16 and 1A 16 are Branch if Carry Set (BCS) instructions. 
Because these instructions follow immediately after SUB instructions, 
the carry flag will indicate whether or not a borrow occurred. In effect, the 
BCS instructions decide: "Was the result of the subtraction a negative 
number?" 



HEX 


HEX 


MNEMONIC/HEX 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS 


00 


4F 


CLRA 


Clear the accumulator. 


01 


97 


STA 


Store 00 


02 


2B 


2B 


in location 2B,«. This clears the hundreds digit. 


03 


97 


STA 


Store 00 


04 


2C 


2C 


in location 2C,«. This clears the tens digit. 


05 


97 


STA 


Store 00 


06 


2D 


2D 


in location 2D, (i . This clears the units digit. 


07 


96 


LDA 


Load direct 


08 


2A 


I 2A 


the binary number to be convened. 


09 


80 


SUB 


Subtract immediate 


OA 


64 


64 


100,,. 


0B 


25 


BCS 


ff a borrow occurred, branch 


OC 


09 


09 


forward to the instruction in location I6, fi . 


0D 


97 


STA 


Otherwise, store the result of the subtraction 


0E 


2A 


2A 


as the new binary number. 


OF 


96 


LDA 


Load direct 


10 


2B 


2B 


the hundreds digit of the BCD result. 


11 


4C 


INCA 


Increment the hundreds digit. 


12 


97 


STA 


Store the hundreds digit 


13 


2B 


2B 


back where it came from. 


14 


20 


BRA 


Branch 


15 


F1 


F1 


back to the instruction at address 07,« 


16 


96 


LDA 


Load airect 


17 


2A 


2A 


the binary number. 


18 


80 


SUB 


Subtract immediate 


19 


OA 


OA 


10 1(1 . 


1A 


25 


BCS 


If a borrow occurred, branch 


1B 


09 


09 


forward to the instruction in location 25,«. 


1C 


97 


STA 


Otherwise, store the result of the subtraction 


1D 


2A 


2A 


as the new binary number. 


1E 


96 


LDA 


Load direct 


1F 


2C 


2C 


the tens digit. 


20 


4C 


INCA 


Increment the tens digit. 


21 


97 


STA 


Store the tens digit 


22 


2C 


2C 


back where it came from. 


23 


20 


BRA 


Branch 


24 


F1 


F1 


back to the instruction at address 16.«, 


25 


96 


LDA | 


Load direct 


26 


2A 


2A 


the binary number. 


27 


97 


STA 


Store it m 


28 


2D 


2D 


the units digit. 


29 


3E 


HLT 


Halt. 


2A 






Place binary number to be convened at this address. 


2B 






Hundreds digit \ 


2C 






Tens digit Reserved for 


2D | 






Units digit ) BCD result. 



Figure 4-20 

Program for converting a binary 
number to a BCD number. 
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Self-Test Review 

20. What is an algorithm? 

21. What type of instruction is used to make a decision? 

22. Refer to the program in Figure 4-14. If the multiplier is 8 16 and the 
multiplicand is 15 16 , how many times will the BEQ instruction be 
executed? 

23 . Refer to the program in Figure 4-16. What is the largest number that 
can be used as a dividend? 

24. How could this program be modified so it could handle unsigned 
dividends up to 255 10 ? 

25. When this program halts, where will the remainder be located? 

26. Refer to the program in Figure 4-18. Assume that addresses 28 16 , 
29 16 , and 2A 16 contain 01 , 09, and 08 respectively. How many times 
will 100 10 be added to address 2B 16 ? 

27. How many times will 10 10 be added? 

28. Refer to the program in Figure 4-20. What is the purpose of the first 
four instructions? 

29. What is the largest binary number that this program can convert to 
BCD? 
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Answers 

20. An algorithm is a step-by-step procedure for doing a particular job. 

21. Conditional branch instruction. 

22. Nine times. 

23. + 127 10 or 0111 1111 2 . 

24. Change the BMI instruction to BCS. 

25. At address 11 16 . 

26. Once. 

27. Nine times. 

28. The first four instructions clear the locations where the BCD equi- 
valent will be stored. 

29. 1111 1111 2 or 255 10 . 
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ADDITIONAL INSTRUCTIONS 

Before leaving this unit, you should also look at four additional instruc- 
tions. The names, opcodes and mnemonics of these instructions are 
shown in Figure 4-21. 







HEX OPCODE 


NAME 


MNEMONIC 


IMMEDIATE 


DIRECT 


INHERENT 


ADD WITH CARRY 


ADC 


89 


99 




SUBTRACT WITH CARRY 


SBC 


82 


92 




ARITHMETIC SHIFT ACCUMULATOR LEFT 


ASLA 






48 


'decimal ADJUST ACCUMULATOR 


DAA 






19 



Figure 4-21 
Four new instructions. 



Recall that the ALU always adds numbers as if they were unsigned binary 
numbers. When it adds 8-bit numbers, a carry often occurs from the MSB, 
setting the C flag. Thus, you can think of the carry flag as an extension of 
the accumulator. Let's look at some instructions that use the carry flag. 

Add With Carry (ADC) Instruction 

This instruction is similar to the ADD instruction discussed earlier with 
one important difference. If the carry bit is set to 1 before this instruction 
is executed, 1 is added to the LSB of the sum. However, if the carry bit is 0 
prior to execution, then no carry is added. The effect is the same as having 
the carry bit from the previous operation added to the result of the present 
operation. 

Like the ADD instruction, the ADC instruction has two addressing 
modes: immediate and direct. As shown in Figure 4-21, the opcode for 
"ADD With Carry Immediate" is 89 l6 , while the opcode for "Add With 
Carry Direct" is 99 16 . 
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A primary use of the ADC instruction is to simplify multiple-precision 
arithmetic. Multiple-precision means that two or more bytes are used to 
represent a number. Recall that a single byte can represent unsigned 
binary numbers with values up to 255 10 . However, much larger numbers 
can be represented by using two or more bytes. Two bytes (16 bits) can 
represent unsigned binary values up to 2 16 - 1 or 65,535 10 . Three bytes can 
represent values to 16, 777, 215 10 ; etc. Thus, theMPU can handle numbers 
of virtually any size simply by stringing the proper number of bytes 
together. 

Suppose, for example, that two very large numbers are to be added. 
Figure 4-22 shows how the addition might look on paper. Notice that two 
24-bit numbers are being added to form a 24-bit sum. The MPU is re- 
stricted to operating on data in 8-bit bytes. Thus, each quantity involved 
must be represented by three bytes. 



1 1 11 j 


111 


| 1 


— Carries 


0100 1010 I 


1100 0000 


| 1110 1010 


— Addend 


-0110 0110 . 


0001 1011 


• 1001 0011 


— Augend 


1011 0000 


1101 1100 - 


* 0111 1101 


— Sum 


Byte 3 | 


Byte 2 


| Byte 1 





Figure 4-22 
Multiple-precision addition. 



The MPU must be instructed to add the first byte of the addend to the first 
byte of the augend. This forms the first byte of the sum. Next the MPU 
must add the second bytes of the addend and augend. However, you will 
notice that there was a carry from the first byte to the second byte. If this 
carry is not added with the second bytes, the sum will be in error. The 
ADC instruction performs this operation automatically. 
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The program for adding the multiple-byte numbers could be written as 
shown in Figure 4-23. The three byte addend is stored in locations 13 16 
through 15 16 while the augend is stored in locations 16 16 through 18 16 . 
Verify that the hexadecimal contents shown are the same as the binary 
values given in Figure 4-22. 



Page 4-48 

Reserved 
for sum. 



HEX 


HEX 


MNEMONIC/HEX 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS 




00 


96 


LDA 


Load accumulator direci with 


01 


13 


13 


least significant byte of addend. 


02 


96 


ADD 


Add direct 


03 


16 


16 


least signnicani oyie 01 duyenu. 


04 


97 


STA 


Store result in 


05 


19 


19 


least significant byte of sum. 


06 


96 


LDA 


Load accumulator direct with 


07 


14 


14 


next byte of addend. 


C8 


99 


ADC 


Add with cany direct 


09 


17 


17 


next byte of augend. 


OA 


97 


STA 


Store result in 


08 


1A 


1A 


next byte of sum. 


OC 


96 


LDA 


Load accumulator direct with 


0D 


15 


15 


most significant byte of addend. 


0E 


99 


ADC 


Add with carry direct 


OF 


18 


18 


most significant byte of augend. 


10 


97 


STA 


Store result in 


11 


1B 


1B 


most significant byte of sum. 


12 


3E 


HLT 


Haft. 


13 


EA 


EA 


Least significant byte \ 


14 


CO 


CO 


J Addend. 


15 


4A 


4A 


Most significant byte J 


16 


93 


93 


Least significant byte * 


17 


18 


18 


1 Augent 


18 


66 


66 


Most significant byte J 


19 






Least significant byte \ 

1 Reserved 


< CD 






Most significant byte. I ,or sum " 



Figure 4-23 
Program for multiple-precision 
addition. 



The first two instructions add the least significant bytes of the addend 
and augend. The ADD instruction is used because the MPU need not 
consider earlier carries. The first byte of the resulting sum is stored in 
location 19i 6 . 

The next two instructions add the next two bytes. This time the ADC 
instruction is used because the MPU must consider the carry from the 
previous addition. The second byte of the sum is placed in location 1 A 16 . 

Finally, the last two bytes are added using the ADC instruction. The final 
byte of the sum is stored in location 1B 16 . The program halts when the 
addition is completed. 
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Subtract With Carry (SBC) Instruction 



This instruction simplifies multiple-precision subtraction. You will re- 
call that during subtract operations the carry flag indicates whether or not 
a borrow operation occurred. For this reason, this instruction can be 
thought of as a subtract with borrow operation. 

The SBC instruction subtracts the subtrahend from the minuend just as 
the SUB instruction did. However, the SBC instruction has an additional 
step in that the carry bit is also subtracted. As with the other add and 
subtract instructions, both immediate and direct addressing modes are 
possible. The opcodes for both modes are shown in Figure 4-21. 

Figure 4-24 illustrates how multiple-precision numbers can be sub- 
tracted. Notice that, during the course of this subtraction, byte 1 must 
"borrow" a 1 from byte 2 . The SBC instruction allows the MPU to do this. 



1001 0111 
- 0111 0101 



11 



1 Borrows 
0010 0001 «- Minuend 
1000 0001 «- Subtrahend 



0010 0001 



1010 0000 «- Difference 



Byte 2 



Byte 1 



Figure 4-24 
Multiple-precision subtraction. 
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HEX 


HEX 


MNEMONIC/HEX 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS 


00 


96 


LOA 


Load accumulator direct with 


01 


OD 


OD 


least significant byte of minuend. 


02 


90 


SUB 


Subtract direct 


03 


OF 


OF 


least significant byte of subtrahend. 


04 


97 


STA 


Store result in 


05 


11 


11 


ieast significant byte of difference. 


06 


96 


LDA 


Load accumulator direct with 


07 


OE 


OE 


most significant byte of minuend. 


08 


92 


SBC 


Subtract with carry 


09 


10 


10 


most significant byte of the subtrahend. 


OA 


97 


STA 


Store result in 


OB 


12 


12 


most significant byte of the difference. 


OC 


35 


HLT 


Halt 


OD 


21 


21 


Least significant byte 1 

Most significant byte / M '™ end - 


OE 


97 


97 


OF 


81 


81 


Least significant byte \ 

Most significant byte 1 Subtf ahend. 


10 


75 


75 


11 






Least significant byte 1 Djfferenc _ 
Most significant byte f u,nerence 


12 







Figure 4-25 
Program for multiple-precision 
subtraction. 



Eigure 4-25 shows a simple program for performing the subtraction. The 
double-precision minuend is at addresses 0D 16 and OE 16 , while the sub- 
trahend is at addresses 0F 16 and 10 16 . The program computes the differ- 
ence and stores it in locations 11 16 and 12 16 . 

The first instruction loads the least significant byte of the minuend. Next, 
the corresponding byte of the subtrahend is subtracted. Since the sub- 
trahend byte is larger, a borrow is indicated. Consequently, the carry flag 
is set to 1. Notice that the SUB rather than the SBC instruction is used. 
This is done because the first byte should not be affected by any previous 
borrow or carry. The result of the subtraction is stored away to become the 
least significant byte of the difference. 

The most significant byte of the minuend is loaded next and the corre- 
sponding byte of the subtrahend is subtracted. However, this time the 
SBC instruction is used. And since the carry flag is set, an additional 1 is 
subtracted from the minuend to complete the borrow operation. The 
result of the subtraction becomes the most significant byte of the differ- 
ence. 
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Arithmetic Shift Accumulator 
Left (ASLA) Instruction 

The ASLA instruction shifts the contents of the accumulator to the left by 
one space. Figure 4-26 illustrates the repeated execution of this instruc- 
tion. Figure 4-2 6 A shows the condition of the accumulator and carry bit. 
In this example, the number in the accumulator is arbitrarily assumed to 
be 10 10 . Also, the carry bit is arbitrarily assumed to be cleared. 



CARRY 
REGISTER 



ACCUMULATOR 



Z7| /,/,// / / /J-A 
l0|0|0|0|l|0|l 



A 

BEFORE SHIFT 





/////// 


o 


0|0 


\ 0 


1 


0 0 



CARRY BIT \ / I 

SHIFTED OUT V1 SB SHIFTED "ISrn",^" 
AND LOST |MT0 CARRY BIT INTO LSB 



AFTER FIRST SHIFT 



///////// 


0 


oh 


0 


1 


0 


0 


<V 



AFTER SECOND SHIFT 



lohjoh !o|o1o|ol J 



AFTER THIRD SHIFT 





E 

AFTER FOURTH SHIFT 


1 


0 


i 


0 


0 


0 0 


0 


/ 



23 



olo 



AFTER FIFTH SHIFT 



SHIFTED OUT 
AND LOST 





10 0 0 0 


0 0 





AFTER SIXTH SHIFT 



Figure 4-26 
Repeatedly implementing the ASLA 
instruction. 
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Figure 4-2 6B shows the contents of the accumulator and carry bit after the 
ASLA instruction is executed. Notice that the number is shifted one bit to 
the left. Also, a 0 is shifted into the LSB. At the same time, the MSB is 
shifted into the carry bit. The old carry bit is shifted out and is lost. 

You can understand one purpose of this instruction by examining the 
numbers in the accumulator before and after the instruction is executed. 
Before the shift, the number is 10 10 ; afterwards the number is 20 10 . The 
number has been doubled. If you will try several different examples, you 
will see that any binary number can be multiplied by two simply by 
shifting the number one bit to the left. This holds true as long as the 
capacity of the accumulator is not exceeded. 

Figures 4-26C through G show what happens if the MPU continues to 
execute ASLA instructions. The number continues to double. The 
number in the accumulator becomes 40 10 , then 80 10 , then 160 10 . Each shift 
multiplies the number by two. On the fifth shift, the capacity of the 
accumulator is exceeded as the most significant 1 bit shifts into the carry 
bit. After the sixth shift, the leading 1 is lost altogether. When you use this 
technique to multiply by two or by a power of two, you must not exceed 
the capacity of the accumulator. 

Another yse of the ASLA instruction is to pack two BCD digits in a single 
byte. Earlier when we worked with BCD numbers, we assumed that each 
BCD digit resided in a separate memory byte. However, because a BCD 
digit has only 4 bits, memory space is wasted by assigning each digit a 
separate byte. Frequently, it is more desirable to "pack" two BCD digits 
into a single byte. A simple routine for doing this is shown in Figure 4-27. 
If dozens of BCD numbers are to be manipulated, a routine that uses a 
procedure similar to this can save substantial memory space. At the same 
time, it puts the BCD numbers into a more convenient and usable form. 



HEX 


HEX 


MNEMONICS/HEX 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS 


00 


96 


IDA 


Load into the accumulator direct 


01 


oc 


OC 


the unpacKed most significant BCD digit. 


02 


48 


ASLA 




03 


48 


ASLA 


1 Shift it four places to 


04 


48 


ASLA 


j the left. 


05 


48 


ASLA 




06 


9B 


ADO 


Add 


07 


CD 


0D 


the unpacked least significant BCD digit. 


08 


97 


STA 


Store the result as 


09 


0B 


0B 


two packed BCD digits. 


OA 


3E 


HLT 


Halt 


0B 






Packed BCD digits. 


oc 






Most significant BCD digit (unpacked). 


0D 






Least significant BCD digit (unpacked). 



Figure 4-27 
Program for packing two 
BCD digits into a single byte. 
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The procedure carried out by the program is quite simple. The most 
significant BCD digit is loaded into the accumulator. It is then shifted 
four places to the left to make room for the least significant BCD digit. The 
least significant digit is then added to form a packed BCD number. The 
resulting single byte number is stored back in memory. 



Decimal Adjust Accumulator (DAA) Instruction 

Earlier in this unit, the problems of converting from BCD to binary and 
back again were considered. While this conversion is frequently neces- 
sary, many microprocessors have some limited BCD arithmetic 
capabilities. Our hypothetical MPU has an instruction that greatly 
simplifies BCD arithmetic. It is called the Decimal Adjust Accumulator 
(DAA) Instruction. When used in conjunction with the ADD or ADC 
instruction, it allows the MPU to add BCD numbers directly without an 
intermediate binary conversion. 

Recall that the ALU adds input data bytes as if they were unsigned binary 
numbers. Therefore, if two BCD digits are added, the sum may be incor- 
rect. For example, assume that the MPU adds the BCD digits 0111 and 
0101. The ALU produces the result 

1 

0111 
+ 0101 

1100 

This answer is the correct binary result, 12 10 ; but it is not the proper BCD 
result. Recall that in BCD, 12 10 is represented as 0001 0010. Notice that 
you can obtain the proper BCD result by adding 0110 2 to the binary result. 
The addition of 0110 2 is necessary anytime that the binary result exceeds 
1001 2 . 

To produce the proper BCD result when adding two BCD digits, the MPU 
must follow this procedure: 

1. If the sum is 1001 2 or less, use the sum as the single digit BCD 
result. 

2. If the sum is greater than 1001 2 , add 0110 2 and use the result as 
a 2-digit BCD number. 
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The situation becomes more complex when packed BCD numbers are 
added. Consider adding 0111 IOOIbcd (79 10 ) to 0111 0011 BC z> (73 10 ). 
The ALU adds these packed BCD numbers as if they were unsigned 
binary numbers. The result is 

11 1 
0111 1001 
0111 0011 
1110 1100 

Notice that the result is not a BCD number, since both 4-bit groups exceed 
1001 2 . Even so, the sum can be converted to BCD by adding 0110 2 to each 
4-bit group. The result is 

1 111 

1110 1100 

QUO QUO 
1 0101 0010 

There is a carry from bit 7 that sets the carry bit. This carry bit becomes the 
most significant BCD digit. Thus, the final BCD result is 
0001 0101 0010 BCI) or 152 10 . 

If you consider all possible combinations of BCD numbers, you will find 
that four different situations exist: 

1. When some BCD numbers are added, the binary result pro- 
duced by the ALU is equal to the proper BCD representation. 
This occurs when both BCD digits of the result are 1001 2 or less. 

2. The binary sum is adjusted by adding 06 16 if the least signif- 
icant BCD digit exceeds 1001 2 but the most significant BCD 
digit does not. 

3. The binary sum is adjusted by adding 60 16 if the most signifi- 
cant BCD digit exceeds 1001 2 but the least significant BCD digit 
does not. 

4. The binary sum is adjusted by adding 66 16 if both BCD digits 
exceed 1001 2 . 

While this procedure could be programmed, it would be much better if 
the MPU performed these operations automatically. Fortunately, our 
hypothetical microprocessor does this. The programmer simply informs 
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the MPU that the numbers being added are BCD numbers. The MPU 
automatically computes the proper BCD result. The way the programmer 
informs the MPU is via the DAA instruction. When the DAA instruction 
is placed immediately after an ADD or ADC instruction, the MPU au- 
tomatically converts the sum to the proper BCD number. 

Suppose, for example, that you wish to add two BCD numbers. Assume 
the numbers are 3792 10 and 5482 10 . Naturally, the sum should be 9274 10 . A 
program for solving this problem is shown in Figure 4-28. The BCD 
addend (3792 10 ) is in addresses OF 16 and 10 16 . The augend (5482 10 ) is in 
locations 11 16 and 12 16 . The BCD sum will be placed in locations 13 16 and 
14 w . 



HEX 


HEX 


MNEMONICS/HEX 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS 


00 


96 


LDA 


Load into the accumulator direct 


01 


10 


10 


the least significant half of the addend. 


02 


9B 


ADD 


Add 


03 


12 


12 


the least significant half of the augend. 


04 


19 


DAA 


Decimal adjust the sum to BCD. 


05 


97 


STA 


Store the result as the 


06 


14 


14 


least significant half of the sum. 


07 


96 


LDA 


Load 


08 


OF 


OF 


the most significant half of the addend. 


09 


99 


ADC 


Add 


OA 


11 


11 


the most significant half of the augend. 


0B 


19 


DAA 


Decimal adjust the sum to BCD, 


OC 


97 


STA 


Store the result as the 


OD 


13 


13 


most significant half of the sum. 


0E 


3E 


HLT 


Halt 


OF 


37 


37 


| BCD Addend 


10 


92 


92 


11 
12 


54 
82 


54 
82 


| BCD Augend. 


13 






| Reserved for BCD sum. 


14 







Figure 4-28 
Program for adding 
multiple- precision BCD numbers. 



The first two instructions add the least significant halves of the addend 
and augend. The ADD instruction is followed immediately by the DAA 
instruction. Therefore, the sum is adjusted to a packed BCD number. The 
result is stored in location 14 16 as the lower half of the BCD sum. 

Next, the upper halves of the addend and augend are added. This time, 
the ADC instruction is used because the carry from the previous addition 
must be added in. Again, the DAA instruction adjusts the sum to BCD. 
The result is stored as the upper half of the BCD sum. 

The DAA instruction must be used properly. It can be used only with 
addition. Also, it must be used immediately after the addition instruc- 
tion. It can not be used to convert just any binary number to BCD. It only 
converts the sum of BCD numbers to the BCD format. 
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Self-Test Review 

30. How is the ADC instruction different from the ADD instruction? 

31. How is the SBC instruction different from the SUB instruction? 

32. A primary use of the ADC and SBC instructions is in 
- arithmetic. 

33 . The accumulator contains the number 7 10 . If two ASLA instructions 
are executed, what number will be in the accumulator? 

34. What is the difference between packed and unpacked BCD num- 
bers? 

35. When adding unpacked BCD numbers, under what condition must 
0110 2 be added to the sum in order to form a BCD sum? 

36. What instruction is used to automatically adjust the sum to the 
proper BCD format when two BCD numbers are added? 

37. Can the D AA instruction be used after a SUB instruction to produce 
the proper BCD difference when two BCD numbers are subtracted? 
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Answers 

30. When the ADC instruction is executed, an additional 1 is added to 
the sum if the carry flag is set. 

31. When the SBC instruction is executed, an additional 1 is subtracted 
from the difference if the carry flag is set. 

32. Multiple- precision. 

33. The first ASLA instruction multiplies the number by two, giving 
14 10 . The second ASLA doubles this number, giving 28 10 . 

34. With packed BCD numbers, each byte contains two BCD digits. 
With unpacked BCD numbers, each byte contains one BCD digit. 

35. When two BCD digits are added, 0110 2 must be added to the sum if 
the sum exceeds 1001 2 . 

36. The decimal adjust accumulator (DAA) instruction. 

37. No. The DAA instruction is used in conjunction with add instruc- 
tions only. 
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EXPERIMENTS 



Perform Programming Experiments 5 and 6. You will find these experi- 
ments in Unit 9. After you finish these experiments, return to this unit 
and complete the Unit Examination. 
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1. The BRA instruction will cause a branch to occur: 



A. Anytime that it is executed. 

B. Only if the Z flag is set. 

C. Only if the N flag is set. 

D. Only if the C flag is set. 

2. The address that follows the opcode of an unconditional branch 
instruction is: 



A. The address of the operand. 

B. The address of the next opcode to be executed. 

C. Added to the program count to form the address of the next 
opcode to be executed. 

D. Added to the program count to form the address of the operand 
that is to be tested to see if a branch operation is required. 



3. The opcode for an unconditional branch instruction is at address 
AF 16 . The relative address is 0F 16 . From what address will the next 
opcode be fetched? 



A. 


A0 16 . 


B. 


co a6 . 


C. 


BE 16 . 


D. 


B1 I6 . 



4. The opcode for an unconditional branch instruction is at address 
30 16 . The relative address is EF 16 . From what address will the next 
opcode be fetched? 

A. 21 16 . 

B. EF 16 . 

C. 32 16 . 

D. 19 16 . 



5. The carry register: 

A. Acts like the ninth bit of the accumulator. 

B. Is set when a "borrow" for bit 7 of the accumulator occurs. 

C. Is set when a carry from bit 7 occurs. 

D. All the above. 
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6. The numbers 0101 1000 2 and 0110 0011 2 are added using the 
ADD instruction. Immediately after the ADD instruction is exe- 
cuted, the condition code registers will indicate the following: 

A. C=l, N=l, V=l, Z=0. 

B. C=0, N=l, V=1,Z=0. 

C. C=0, N=l, V=0, Z = 0. 

D. C = 0, N=0, V=l, Z=l. 

7. The divide program shown in Figure 4-16 works only if the di- 
vidend is initially less than +128 10 . The program can be modified 
to work for dividends up to 255 10 by replacing the BMI instruction 
with the: 

A. BEQ instruction. 

B. BNE instruction. 

C. BCC instruction. 

D. BCS instruction. 

8. A binary number can be converted to BCD by repeatedly: 

A. Dividing by powers of two. 

B. Subtracting powers of ten. 

C. Multiplying by powers of two. 

D. Adding powers of ten. 

9. The DAA instruction is used: 

A. To convert a binary number to BCD. 

B. To convert a BCD number to binary. 

C. After an add instruction to adjust the sum to a BCD number. 

D. After a subtract instruction to adjust the difference to a BCD 
number. 

10. When you are adding multiple-precision binary numbers, all bytes 
except the least significant ones must be: 

A. Added using the ADD instruction. 

B. Added using the DAA instruction. 

C. Added using the ADC instruction. 

D. Decimal adjusted before addition takes place. 
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INTRODUCTION 

Until now, we have confined our study to a simple hypothetical micro- 
processor. Obviously , though, this hypothetical model must be very close 
to the real thing, since we have been running its programs on the ET-3400 
Microprocessor Trainer. In this unit, you will begin your study of the 
actual microprocessors upon which our hypothetical model is based. The 
microprocessor in the ET-3400 Trainer is called the 6800. It was first 
released by Motorola in the mid 1970's. Today, it is also supplied by 
several other companies. 

The microprocessor in the ET-3400A Trainer is called the 6808. The 
primary difference between the 6808 and 6800 microprocessors is the 
means by which clock signals are generated. The 6808 has an on-chip 
clock circuit, the 6800 does not. Because of this one difference, there will 
also be some chip pin assignments that are not identical. These differ- 
ences will be discussed in more detail in Unit Seven of this course. 
However, in all other characteristics, such as the instruction set and 
internal registers, the 6800 and 6808 are identical. It is these identical 
characteristics which are the subject of this and the following unit. 
Therefore, this unit refers to the 6800 microprocessor only. But, the data 
presented also applies to the 6808 in the ET-3400A Trainer. 

There are other microprocessors that have similar instruction sets, ar- 
chitecture, and addressing modes. Thus, by becoming familiar with the 
6800 (6808), you should be able to understand and use a wide range of 
microprocessors. 

You already know a great deal about the 6800 and/or 6808 microproces- 
sor. You have been programming this device for the past several units. 
The main difference between the 6800 (6808) microprocessors and our 
hypothetical model is complexity. As you will see, the 6800 (6808) is a 
vastly expanded version of our hypothetical model. 
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UNIT OBJECTIVES 

When you have completed this unit you will be able to: 

1. Draw a programming model of the 6800 MPU. 

2. Explain the purpose of each block in a simplified block diagram of 
the 6800 MPU. 

3. Using Appendix A and Figure 5-24 as references, explain the 
operation of all the instructions discussed in this unit. 

4. Write simple programs that use indexed and extended addressing. 



5. 



Using Figure 5-24 as a guide, find the opcode, number of MPU 
cycles, number of bytes, and effects on the condition code flags of 
every instruction discussed in this unit. 
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UNIT ACTIVITY GUIDE 



□ Read Section on Architecture of the 6800 MPU. 
I I Complete Self-Test Review Questions 1 — 8. 

□ Read Section on Instruction Set of the 6800 MPU. 

□ Complete Self-Test Review Questions 9 — 26. 
I I Review Appendix A. 

I I Read Section on New Addressing Modes. 

□ Complete Self-Test Review Questions 27 — 43. 
I I Perform Programming Experiments 7 and 8. 
n Complete Unit Examination. 

I I Check Examination Answers. 



Completion 
Time 
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ARCHITECTURE OF THE 6800 MPU 

In computer jargon, the word architecture is used to describe the compu- 
ter's style of construction, its register size and arrangement, its bus 
configuration, etc. The architecture of our hypothetical microprocessor is 
shown for one last time in Figure 5-1 . By now you should be quite familiar 
and comfortable with this architecture. 




Figure 5-1 

Architecture of the hypothetical 
microcomputer. 
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The only reason for showing the details of the model is to give you an idea 
of what goes on inside the integrated circuit. In an actual microprocessor 
the internal structure is often so complex that we become bogged down in 
details if we attempt to analyze it too closely. For this reason, a program- 
ming model is generally used when a microprocessor is being introduced 
for the first time. In the programming model, the emphasis is shifted 
upward by an order of magnitude. Any register or circuit that cannot be 
directly controlled by the programmer is simply ignored. Consider the 
data register for example. There are no instructions that give the pro- 
grammer direct control over this register. That is, there are no instruc- 
tions such as Load Data Register, Store Data Register, etc. All data register 
activity is controlled strictly by the MPU. Thus, the programmer can 
simply ignore the existence of this register. The same is true of the 
address register, the instruction decoder, the controller-sequencer, etc. 
Therefore, the programming model of our hypothetical MPU can be 
represented as shown in Figure 5-2. This simple diagram is sufficient for 
most programming applications since it shows all the registers that can 
be directly controlled by the program. 



ACCUMULATOR 



PROGRAM COUNTER 



N 


Z 


V 


c 



CONDITION CODE 
REGISTERS 



Figure 5-2 
Programming model of the 
hypothetical MPU. 
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Programming Model of the 6800 MPU 

The 6800 MPU is much more complex than our hypothetical MPU. 
Consequently, a programming model of the 6800 makes a good starting 
point. The programming model is shown in Figure 5-3. 



Figure 5-3 
Programming model of the 
6800 MPU. 
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0 
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ACCB 
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0 
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0 


PC 


15 






0 


SP 



ACCUMULATOR B 



INDEX REGISTER 



PROGRAM COUNTER 



STACK POINTER 
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(TWO'S COMPLEMENT) 
-ZERO 

-NEGATIVE 

- INTERRUPT MASK 

-HALF CARRY 
• FROM BIT 5) 



You will notice immediately that the 6800 MPU has several additional 
registers. However, only two of these, the index register and the stack 
pointer, are actually new to you. Let's look at the major differences 
between this MPU and our hypothetical model. 

Two Accumulators The 6800 MPU has two accumulators instead of 
one. They are called accumulator A (ACCA) and accumulator B (ACCB). 
Each has its own group of instructions associated with it. The names and 
mnemonics of the instructions specify which accumulator is to be used. 
Thus, there are instructions such as: 

Load Accumulator A (LDAA) 
Load Accumulator B (LDAB) 
Store Accumulator A (STAA) 
Store Accumulator B (STAB) 

Notice that a letter is added to both the name and the mnemonic to 
indicate which accumulator is being used. 
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From your previous programming experience, you can visualize the 
value of a second accumulator- For example consider a program in which 
the MPU counts the number of times that some operation occurs. In the 
past, we stored the number that the accumulator was presently working 
on, loaded the count into the accumulator; incremented the count; stored 
the count; and reloaded the original number. With a second accumulator, 
none of this is necessary. We can simply maintain the count in ac- 
cumulator B while working with the number in accumulator A. In fact, 
we can perform any arithmetic or logic operation on two different num- 
bers without having to shift the numbers back and forth between mem- 
ory. 

16-Bit Program Counter The program counter in the 6800 has 16 10 bits 
rather than 8. Thus, it can specify 65,536 10 different addresses. This 
means that a 6800 based microcomputer can have up to 65,536 10 bytes of 
memory. Most applications require substantially less memory than this 
maximum number. Fortunately, we can use as little or as much memory 
as we need up to the 2 16 byte limit. 

Since the program counter has 16 10 bits, the address bus must also be 
16-bits wide. Contrast this with the 8-bit address bus of our hypothetical 
machine. 

You may wonder how we specify a 16-bit address with an 8-bit byte. The 
obvious answer is that two 8-bit bytes are required. Recall that in the 
direct addressing mode, the address was specified by a single 8-bit byte. 
The 6800 microprocessor retains this addressing mode. However, since 
an 8-bit address can specify only 256 10 addresses, the 6800 MPU can use 
this mode only if the operand is in the first 256 10 bytes of memory. To 
reach higher addresses, a new addressing mode called extended address- 
ing must be used. In the extended addressing mode, two bytes are used to 
represent each address. This addressing mode will be discussed in more 
detail later. For now, keep in mind that there are 65,536 10 possible 
addresses. The lowest address is 0000 16 and the highest is FFFF 16 . Using 
extended addressing, we have access to any location in memory, but a 
2-byte address is required. 
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Condition Code Registers The 6800 MPU has six condition codes. Four 
of these are almost identical to those discussed in an earlier unit. These 
include the negative (N), zero fZ), overflow (V) and carry (C) condition 
codes. The difference arises because there are two accumulators in the 
6800 MPU. Thus, the carry flag is set whenever there is a carry from either 
accumulator. By the same token, an overflow in either accumulator will 
set the V flag. Later in this unit, you will see how the condition codes are 
affected by each instruction. 

Two new condition codes are shown in Figure 5-3. The I flag is called an 
interrupt mask. We will discuss this flag later when you study interrupts. 
The other is called the half carry flag (H). The H flag is set when there is a 
carry from bit 3 of the accumulator. The MPU uses this flag to determine 
how to implement the decimal adjust instruction. 

These six flags make up bits 0 through 5 of an 8-bit register. Bits 6 and 7 of 
the condition code register are not used and are always set to 1. Addi- 
tional details of the condition codes will be brought out as the need arises. 

Index Register The index register is a special-purpose, 16-bit register 
that greatly increases the power of the microprocessor. It allows a power- 
ful address mode called indexed addressing. We will examine this 
addressing mode later in this unit. For now, consider the index register to 
be just another working register. The fact that it holds two bytes instead of 
one can be put to good use. The MPU has instructions that allow the index 
register to be loaded from two adjacent memory bytes. Another instruc- 
tion allows us to store the contents of the index register in two adjacent 
memory locations. This allows us to move data in 2-byte groups. Also, the 
index register can be incremented and decremented. This lets us main- 
tain 16-bit tallies. 

Stack Pointer The stack pointer is another special-purpose 16-bit regis- 
ter. It allows the MPU and the programmer to use a section of RAM as a 
last in, first out (LIFO) memory. This capability is extremely valuable 
when using subroutines or when processing interrupts. These aspects of 
the stack pointer will be discussed in the next unit. For the time being 
let's consider the stack pointer to be another 16-bit working register. It too 
can be loaded from memory, stored in memory, incremented, and dec- 
remented. 
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Block Diagram of the 6800 MPU 

Now that you have seen the programming model of the 6800 MPU, take a 
look at the block diagram. A simplified block diagram is shown in Figure 
5-4. Several data paths, most control lines, and a temporary storage 
register have been omitted in favor of the major data paths and registers. 
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Figure 5-4 
Simplified block diagram of the 
6800 MPU. 
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The 16-bit registers are shown on the left. These registers are primarily 
concerned with addressing memory. Since the address bus has 16-bits, 
all registers associated with addressing must also have 16-bits. Any of the 
16-bit registers can be loaded from the data bus. However, because the 
data bus has only 8-bits, two operations are required to load the 16-bit 
registers. The upper half of the affected register is always loaded first. 
Then, a second operation loads the lower half. Although this requires 
separate MPU cycles, the microprocessor takes care of these operations 
automatically. For example, a single instruction can load the 16-bit index 
register with two memory bytes. 



The program counter and address register perform exactly the same 
functions in the 6800 MPU as they did in our hypothetical model. The 
fetch and execute phases for the immediate and direct addressing modes 
are virtually identical. The same is true of the relative addressing mode 
except that the 8-bit relative address is added to the 16-bit program count. 



The 8-bit registers are shown on the right. Notice that these circuits are 
identical to those in our hypothetical model except that there are two 
accumulators. The condition code registers monitor both accumulators. 
Also, the two accumulators share the ALU. This allows you to keep track 
of two separate mathematical operations at more or less the same time. 
This arrangement is particularly flexible since the contents of one ac- 
cumulator can be transferred to the other or the contents of the two 
accumulators can be added together. 
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Self-Test Review 



1. The microprocessor on which our hypothetical model and the 



2. A major difference between our hypothetical model and the 6800 
MPU is that the latter has two 



4. How wide is the address bus in a 6800-based microcomputer? 

5. What is the range of addresses in the 6800 MPU? 

6. List the six condition code flags. 

7. Besides the program counter, what other 16-bit registers are used in 
the 6800 MPU? 

8. In the 6800 MPU, does each accumulator have its own cany flag? 



ET-3400 are based is the 



-MPU. 



The program counter in the 6800 MPU has 



bits. 
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Answers 

1. 6800. 

2. Accumulators. 

3. 16 10 . 

4. 16 10 bits. 

5. From 0000 to 65,53 5 10 or 0000 to FFFF 16 . 

6. Carry — borrow (C) 
Overflow (V) 

Zero (Z) 
Negative (N) 
Interrupt Mask (I) 
Half Carry (H) 

7. Index register and stack pointer. 

8. No, the two accumulators share a common carry flag. 



The 6800 Microprocessor — Part 1 J 5" 1 5 



INSTRUCTION SET OF THE 6800 MPU 

The 6800 MPU has about 100 10 basic instructions. Moreover, when all the 
different addressing modes are considered, there are 197 10 different op- 
codes to which the MPU will respond. 

These instructions can be broken down into seven general categories. 
While some of the categories overlap, the general classifications of in- 
structions are: arithmetic, data handling, logic, data test, index register 
and stack pointer, jump and branch, and condition code. In this unit we 
will discuss most of these instructions in detail. The handful of instruc- 
tions that are not discussed in this unit will be described in the following 
unit. 

In this section we will not be concerned with addressing modes. There- 
fore, no opcodes are given. Later, we will look at the various addressing 
modes and opcodes. For now, though, let's identify the instructions by 
their names, mnemonics, and operations. You will see what each instruc- 
tion does and how it affects the various condition code registers. 

Because of the large number of instructions covered in this section, the 
explanations will be general and brief. You are not expected to remember 
all the details of every instruction. Appendix A of this course contains a 
detailed listing of each instruction. It explains every detail of the various 
instructions. After reading this section, turn to Appendix A and look over 
the explanations given there. In the future, when you are in doubt as to 
exactly what a particular instruction does, look it up in Appendix A. 
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Arithmetic Instructions 

Figure 5-5 shows the arithmetic instructions of the 6800 MPU. The name 
of each instruction is given on the left. The next column contains the 
mnemonics. The center column gives a shorthand description of what the 
instruction does. The right-hand columns show how the various condi- 
tion code registers are affected. 
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*Used after ABA, AOC, and ADO in BCD arithmetic operation; each 8-bit byte regarded as containing two 4-bit 
BCO numbers. DAA adds 0110 to lower naif-byte if least significant number >1001 or if preceding instruction 
caused a Half-carry. Adds 0110 to upper half-byte if most significant number >1001 or if preceding instruction 
caused a Carry. Also adds 0110 to upper half-byte if least significant number >1001 and most significant num- 
ber = 9. 



(Bit set if test is true and cleared otherwise} 
© (Bit V) Test: Result = 10000000? 
@ (Bit C) Test: Result = 00000000? 

© (Bit 0 Test: Decimal value of most significant BCD Character greater than nine? 
(Not cleared if previously set) 



Figure 5-5 
Arithmetic instructions. 
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To be certain you have the idea, let's go through the first instruction in 
detail. The first instruction is the add instruction. Actually, since the 
6800 has two accumulators, there are two add instructions. Their 
mnemonics are ADDA and ADDB. Notice that the final letter of the 
mnemonic indicates which accumulator (A or B) is involved. The short- 
hand representation of the operation is: A + M-»A. The note at the top of 
this column tells you that the register labels refer to the contents of the 
register. Thus, A means the contents of accumulator A and M means the 
contents of the affected memory location. The symbol (— ») means 'Trans- 
fer into." Therefore, A+M— >A means "Add the contents of accumulator 
A to the contents of the affected memory location and transfer the sum 
into accumulator A." 

To see how the condition code flags are affected, you simply look over to 
the right under whatever condition code you are interested in. Generally, 
the condition code is either unaffected or is tested and set accordingly. 
When the condition code is unaffected, this is represented by the symbol 
(•). For example, none of the arithmetic instructions affect the I flag. Most 
of the arithmetic instructions test the condition codes and set them if the 
condition exists. For example, if the result of an arithmetic operation is 
zero, the Z flag is set to 1 . If this condition does not exist, the Z flag is reset 
or cleared to 0. The symbol ( ^ ) means "test and set if true; clear other- 
wise." Occasionally, a note is necessary to describe some unusual situa- 
tion regarding the condition code. This is represented by a number 
within a circle. The notes are given at the bottom of the drawing. 

The ADDA and ADDB instructions are self-explanatory. The ABA in- 
struction adds the contents of accumulator A to the contents of ac- 
cumulator B. The result is stored in accumulator A. 

The add with carry instructions are identical to those discussed earlier for 
our hypothetical machine. Notice that the carry bit is added in with the 
sum. 

Because two's complement arithmetic is used in the 6800 MPU, instruc- 
tions are provided that allow us to take the two's complement of a 
number. The negate instruction subtracts the contents of the affected 
register from 00 16 . This is the same as taking the two's complement of the 
number. The affected register can be any memory location (M) or either 
accumulator (A or B). Thus, there are three different negate instructions. 
Keep in mind that NEG means "take the two's complement of the affected 
memory location;" NEGA means "take the two's complement of ac- 
cumulator A;" etc. 
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Notice that the NEG instruction allows us to operate on a byte in memory 
without first fetching the operand from memory. In the past, we have 
loaded the operand, performed the operation, and then stored the new 
operand. However, the 6800 allows us to perform certain operations on 
the operand without first fetching it from memory. Several examples of 
this will be pointed out as we progress through the instruction set. 

The decimal adjust instruction performs exactly as it did in our hypothet- 
ical machine. The note immediately under the table summarizes its 
operation. It must also be pointed out that this instruction works only 
with accumulator A. 

The subtract and the subtract with carry instructions are self-explanatory. 
They perform as described earlier for our hypothetical MPU. The 6800 
MPU has an additional subtract instruction. The SBA instruction sub- 
tracts the contents of accumulator B from the contents of accumulator A. 
The resulting difference is placed in accumulator A. 



Data Handling Instructions 

Figure 5-6 shows the largest group of instructions used by the 6800 MPU. 
These can be loosely categorized as data handling instructions. 

The clear instructions allow us to clear a memory location or either 
accumulator. In the past, we have cleared bytes of memory by first 
clearing the accumulator and then storing the resulting 00 16 in the proper 
memory location. However, the CLR instruction allows us to clear a 
memory location with a single instruction. Notice that some new entries 
appear in the condition code registers column. R means that the condi- 
tion code is always reset or cleared to 0. S means that the code is always 
set to 1. 

The decrement instruction allows us to subtract 1 from a memory loca- 
tion or from either accumulator. The DEC instruction is especially valu- 
able since it allows us to decrement a byte in memory with a single 
instruction. Previously we have loaded the byte, decremented it, and 
then stored it back in memory. 

The increment instructions are similar except they allow us to add 1 to a 
memory location or one of the accumulators. Notice that the INC instruc- 
tion allows us to maintain a tally in memory without having to load it. 
increment it, and then store it away. 
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The load accumulator instructions are self-explanatory. Notice that 
either accumulator can be loaded from memory. 
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0 (Bit V) Test: Operand = 10000000 prior to execution? 
© (Bit V) Test: Operand = 01111111 prior to execution? 
© (Bit V) Test: Set equal to result of N e C after shift has occurred. 



Figure 5-6 
Data handling instructions. 
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B. AFTER R 0 LA IS EXECUTED. 

Figure 5-7 
Executing the ROLA instruction. 



The rotate left instructions allow us to shift the contents of the ac- 
cumulator or a memory location without losing bits of data. Consider the 
ROLA instruction as an example. When this instruction is executed, the 
A accumulator and the carry bit form a 9-bit circulating register. That is, 
they form a closed loop as shown in Figure 5-7A. When ROLA is exe- 
cuted, the data is rotated clockwise. The MSB of A shifts into the carry 
register. Simultaneously, the contents of A are shifted left. Notice that the 
carry bit is not lost. Instead it is shifted into the LSB of the accumulator. 

While the usefulness of this instruction may not be obvious, it is a 
valuable tool. For example, it could be used to determine parity. By 
repeatedly rotating left and testing the C flag, you could determine the 
number of l's in the byte. Once you know this, you could easily generate 
the proper parity bit. 
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3. AFTER RORA I S EXECUTED. 

Figure 5-8 
Executing the RORA instruction. 



The ROL instruction allows you to rotate a memory byte to the left while it 
is still in memory. ROLB allows you to rotate the B accumulator to the left. 
In each case, the C register is used as a ninth bit. 

The rotate right instructions are identical except that the direction of 
rotation is reversed. Figure 5-8 illustrates the execution of the RORA 
instruction. This instruction is also valuable. Suppose for example that 
we wish to know if the number in the accumulator is even or odd. This is 
determined by the LSB of the number. If LSB = 1, the number is odd; if 
LSB = 0, the number is even. One way to determine this is to rotate the 
number to the right so that the LSB is in the C register. We could then test 
the C register to see if it is set or cleared. Notice that the number could 
then be restored to its original value by the ROLA instruction. 



The arithmetic shift left instruction was discussed earlier in our 
hypothetical MPU. The ASLA instruction performs exactly as described 
in the previous unit. However, notice that the 6800 MPU also has an 
ASLB instruction that performs the same operation with accumulator B. 
Also, it has an ASL instruction that allows us to perform this operation on 
a byte that is in memory. Figure 5-9 illustrates the execution of this 
instruction. 
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Executing the ASL instruction. 
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While there is only one type of shift left instruction, there are two types of 
shift right instructions. Let's discuss the arithmetic shift right instruc- 
tions first. 

When an arithmetic shift right instruction is executed, the number in the 
affected register is shifted right one position. The LSB goes into the C 
register. Bj shifts to B 0 , etc. B 7 shifts into B 6 . However, B 7 itself remains 
unchanged. Figure 5-10 illustrates the execution of the ASRB instruction. 
Notice that there are also ASRA and ASR instructions listed in Figure 5-6. 
These perform the same type of shift operation but on accumulator A and 
the selected memory byte respectively. 

The logic shift right instructions are different in that they do not retain 
the sign bit. When a logic shift right is executed, the contents of the 
affected register are shifted to the right. The LSB goes into the carry 
register. The MSB is filled with a 0. For example, the LSR instruction is 
illustrated in Figure 5-11. While this instruction shifts the selected mem- 
ory locations, LSRA and LSRB can be used to perform similar operations 
on accumulators A and B respectively. 
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Figure 5-10 
Executing the ASRB instruction. 
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B. AFTER LSR IS EXECUTED. 



Figure 5-11 
Executing the LSR instruction. 

Referring back to Figure 5-6, the store accumulator instructions are self- 
explanatory. 



The final data handling instructions are the transfer accumulator instruc- 
tions. TAB copies the contents of accumulator A into accumulator B. 
After this instruction is executed, the number originally in accumulator 
A will be in both accumulators. TBA does just the opposite. It copies the 
contents of accumulator B into accumulator A. After TBA is executed, the 
number originally in accumulator B will be in both accumulators. 
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Logic Instructions 

The logic instructions in the 6800 MPU are similar to those in our 
hypothetical MPU. Figure 5-12 shows the 6800's logic instructions. 
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Figure 5-12 

Logic instructions. 



There is one AND instruction for each accumulator. The contents of the 
specified accumulator are ANDed bit-for-bit with the contents of the 
selected memory location. The result is placed back in the accumulator. 
This is identical to the AND instruction in our hypothetical machine. 

The complement instructions allow you to take the l's complement of the 
number in the affected register. COM allows you to complement a byte in 
memory. 

COMA and COMB allow you to complement the contents of ac- 
cumulators A and B respectively. In each case, all l's are changed to O's 
and all O's are changed to l's. 

The exclusive OR instructions work like the one in our hypothetical 
MPU. The contents of the specified accumulator are exclusively ORed 
bit-for-bit with the contents of the selected memory location. The result is 
stored back in the specified accumulator. 

The inclusive OR is similar except that the contents of the specified 
accumulator are inclusively ORed with the contents of the selected mem- 
ory location. 
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Data Test Instructions 



These are a powerful group of instructions that allow us to compare 
operands in several different ways. In previous units, you had experience 
comparing operands. The most frequently used method was to subtract 
one operand from another and test the result for zero or negative. In many 
cases, the numeric result of the subtraction was unimportant. We needed 
to know only if the result was zero or minus. The data test instructions 
allow us to make several different tests without actually producing an 
unwanted numeric result. These instructions are shown in Figure 5-13. 
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Figure 5-13 

Data test instructions. 



The bit test instructions are very similar to the AND instructions. In both 
cases, the contents of the specified accumulator are ANDed with the 
contents of the selected memory location. The difference is that with the 
bit test instruction no logical product is produced. Neither the contents of 
the accumulator nor memory are altered in any way. However, the condi- 
tion code registers are affected just as if the AND operation had taken 
place. Consider the BITA instruction. When executed, A is ANDed with 
M. If the result is 00 16 , the Z register is set. Otherwise, the Z register is 
cleared. If the MSB of the result is 1, the N flag is set. However, the 
contents of the accumulator and memory are unaffected. 

In the same way, the compare instructions are similar to subtract instruc- 
tions except that the resulting numeric difference is ignored. For exam- 
ple, when the CMPA instruction is executed, the contents of the selected 
memory location are subtracted from the contents of accumulator A. The 
condition codes are affected just as if a difference had been produced. 
However, the original contents of accumulator A and memory are unaf- 
fected. 
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The compare accumulators instruction (CBA) works the same way. The 
condition codes are set as if the contents of B were subtracted from the 
contents A. However, the contents of the accumulators are unaffected. 

Finally, the test for zero or minus instruction allows you to test the 
number in one of the accumulators or the memory to see if it is negative or 
zero. When this instruction is executed, the MPU looks at the number in 
question and sets the N and Z flags accordingly. The number itself is not 
changed. 

Index Register and Stack Pointer Instructions 

The index register and stack pointer are 16-bit registers. Figure 5-14 
shows eleven instructions that allow us to control the operation of these 
registers. Because of the 16-bit format, the load, store, and compare 
instructions are slightly different from those discussed earlier. 



INDEX REGISTER AND STACK 
POINTER OPERATIONS MNEMONIC 


BOOLEAN/ARITHMETIC OPERATION 


5 


4 


3 


2 


1 


0 


H 


1 


N 


Z 


V 


C 


Compare index Reg 


CPX 


(X H /X L )~(M/M + 1) 






© 


t 


© 


• 


Decrement Index Reg 


OEX 


X - 1 -X 






• 


t 


• 


• 


Decrement Stack Pntr 


OES 


SP- 1 -SP 














Increment Index Reg 


INX 


X + 1 -X 






e 


t 


• 


• 


Increment Stack Pntr 


INS 


SP-1-SP 














Load Index Reg 


LDX 


M-*X H ,(M + 1)-*X L 






® 


t 


R 


• 


Load Stack Pntr 


LOS 


M-SP H , (M + 1)-SP L 






® 


t 


R 


• 


Store Index Reg 


STX 


X H -M,X L -(M + 1) 








t 


R 


• 


Store Stack Pntr 


STS 


SP H -*M,SP L ^(M + 1) 








± 


R 


• 


Indx Reg-* Stack Pntr 


TXS 


X- 1 -SP 














Stack Pntr -* Indx Reg 


TSX 


SP + 1 - X 















© (Bit N) Test: Sign bit of most significant (MS) byte of result « 1? 
© (Bit V) Test: 2's complement overflow from subtraction of LS bytes? 
(3) {Bit N} Test: Result less than zero? (Bit 15= 1) 



Figure 5-14 
Index register and stack pointer 
instructions. 
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The compare index register (CPX) instruction allows us to compare the 
16-bit number in the index register with any two consecutive bytes in 
memory. Recall that the index register (X) will hold two bytes. The higher 
byte is identified as X H while the lower byte is called X L . When the CPX 
instruction is executed, X H is compared with the 8-bit byte in the 
specified memory location (M). Also, X L is compared with the byte 
immediately following the specified memory location (M+l). The com- 
parison is the same as if M and M+l were subtracted from X H and X L 
except that no numeric difference is produced. Neither X nor M is 
changed in any way. However, the N, Z, and V condition codes are 
affected as shown in Figure 5-14. Generally, the Z code is the one we are 
interested in since it tells us whether or not an exact match exists between 
the index register and the two bytes in memory. 

The next four instructions are self-explanatory. They allow us to incre- 
ment and decrement either the index register or the stack pointer. For one 
thing, these instructions allow us to maintain two separate 16-bit tallies 
simultaneously. However, the real value of these instructions and their 
associated registers will be discussed later. 

The load and store instructions for the 16-bit registers are shown next in 
Figure 5-14. Since these are two byte registers, the LDX and LDS instruc- 
tions must load two bytes from memory. In the case of the index register, 
the specified memory byte (M) is loaded into the upper half of the index 
register [X H ). An instant later, the next byte in memory (M+l) is automa- 
tically loaded into the lower half of the index register (X L ). Thus, the 
operation can be described as: M— >X Hi (M+l) — > X L . 

Because the stack pointer is also a 16-bit register, the load stack pointer 
instruction (LDS) works the same way. Its operation can be described as: 
M SPtf, (M+l) SP L . Here, SP H refers to the upper half of the stack 
pointer while SP L refers to the lower half. 

When the contents of the 1 6-bit registers are being stored , the operation is 
reversed. For example, the STX instruction stores X H in M and X L in M + 1 . 
A similar instruction, STS, allows us to store the contents of the stack 
pointer in the same way. 

The final two instructions in this group allow us to transfer numbers 
between these two 16-bit registers. The TXS instruction loads the stack 
pointer with the contents of the index register minus one. The TSX 
instruction loads the index register with the contents of the stack pointer 
plus one. A more detailed discussion of these two important registers and 
their associated instructions will be given in the next unit. 
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Branch Instructions 

The branch instructions are shown in Figure 5-15. Two additional in 
structions are also thrown in since they affect the program counter. 



ooAuru 
oKAratrl 

OPERATIONS 


MNEMONIC 


BRANCH TEST 


5 


4 


3 


2 


1 


0 


H 


1 


N 


Z 


V 


c 


Branch Always 


BRA 


None 














Branch If Carry Clear 


BCC 


C = 0 














Branch If Carry Set 


BCS 


C= 1 














Branch If = Zero 


BEQ 


Z= 1 














Branch If > Zero 


BGE 


N ®V = 0 














Branch If > Zero 


BGT 


Z+(N*V) = Q 














Branch If Higher 


BHI 


C + Z =0 














Branch If < Zero 


BLE 


Z + (N©V) = 1 














Branch If Lower Or Same 


BLS 


C + Z= 1 














Branch If < Zero 


BLT 


NeV = 1 














Branch If Minus 


BMI 


N = 1 














Branch if Not Equal Zero 


BNE 


Z = 0 














Branch If Overflow Clear 


BVC 


V = 0 














Branch If Overflow Set 


BVS 


V = 1 














Branch If Plus 


BPL 


N = 0 














No Operation 


NOP 


Advances Prog. Cntr. Only 














Wait for Interrupt 


WAI 




• 


® 


• 


• 


• 


• 



(Bit I) Set when interrupt occurs. If previously set, a Non-Maskable Interrupt is 
required to exit the wait state. 



Figure 5-15 
Jump and branch instructions. 
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Nine of these instructions were discussed in the previous unit. These are: 
Branch Always (BRA); Branch If Carry Clear (BCC); Branch If Carry Set 
(BCS); Branch If Equal Zero (BEQ); Branch If Not Equal Zero (BNE); 
Branch If Minus (BMI); Branch If Plus (BPL); Branch If Overflow Clear 
(BVC); and Branch If Overflow Set (BVS). 

Before we discuss the new branch instructions, here are some of the 
symbols we will be using. The symbol (^) means "is greater than or is 
equal to"; (>) means "is greater than"; means "is less than or is equal 
to": (<) means "is less than"; and (^) means "is not equal to." 

Now consider the Branch If Greater Than or Equal instruction (BGE). This 
instruction is normally used after a subtract or compare instruction. It 
will cause a branch operation if the two's complement value in the 
accumulator is greater than or equal to the two's complement operand in 
memory. This condition is indicated by the N and V flags having the same 
value. The MPU determines if this condition is met by exclusively ORing 
N and V and examining the result. 

Three simple examples may help illustrate the operation of this instruc- 
tion. Let's start with a number in the accumlator that is greater than the 
operand in memory: 



When the operand is subtracted, the result is 00000001 2 . With this result, 
both N and V are cleared to 0. Notice that N and V are equal and N 0 V = 
0. If the BGE instruction followed the subtract operation, the branch 
would be implemented. 

Now see what happens when the number in the accumulator is equal to 
the operand: 



Number in Accumulator 
Operand in Memory 



= 00000010 2 
= 00000001 2 



Number in Accumulator 
Operand in Memory 



= 00000010 2 
= 00000010 2 



When the operand is subtracted, the result is 00000000 2 . Again N and V 
are cleared to 0. Thus, N and V are still equal and N 0 V = 0. Again, the 
BGE instruction would cause a branch to occur. 
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Finally, note what happens when the number in the accumulator is 
smaller: 

Number in Accumulator = 00000001 2 

Operand in Memory = 000000 10 2 



When the operand is subtracted, the result is 1 11 1 1 1 1 1 2 . This time N is set 
but V is cleared. Thus, N and V are not equal. Therefore, N © V = 1. In 
this case, the BGE conditions are not met and no branch will occur. The 
branch occurs if the two's complement value in the accumulator is 
greater than or equal to the two's complement operand in memory. 

Next, consider the Branch If Greater Than {BGT) instruction. This in- 
struction is normally used immediately after a subtract or compare opera- 
tion. The branch will occur only if the two's complement minuend was 
greater than the two's complement subtrahend. By trying several exam- 
ples as we did above, you will find that the branch conditions are met 
when Z = 0 and N = V. 

The Branch If Higher (BHI) instruction is similar to the BGT instruction 
except that it is concerned with unsigned numbers. BHI is normally used 
after a subtract or compare operation. The branch will occur only if the 
unsigned minuend was greater than the unsigned subtrahend. By trying 
several different examples, you can prove that this occurs only when the 
C and Z flags are both 0. 

The Branch If Less Than or Equal (BLE) instruction allows you to com- 
pare two's complement numbers in another way. If it is executed im- 
mediately after a subtract or compare operation, the branch will occur 
only if the two's complement minuend was less than or equal to the two's 
complement subtrahend. 
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The Branch If Lower Or Same (BLS) instruction is similar to the BLE 
instruction except that unsigned numbers are compared. When it is 
executed immediately after a subtract or compare operation, the branch 
will occur only if the unsigned minuend was lower than or equal to the 
unsigned subtrahend. 

The Branch If Less Than Zero (BLT) instruction is also similar to the BLE 
instruction except that the equal qualification is removed. If BLT is 
executed immediately after a subtract or compare operation, the branch 
occurs only if the two's complement minuend was less than the two's 
complement subtrahend. 

Two additional instructions are included in Figure 5-15. Although they 
are not branch instructions , they are included here since they do not seem 
to fit any of the other categories. 

The No Operation (NOP) instruction is a "do-nothing" instruction that 
simply consumes a small increment of time. It does not change the 
contents of any register except the program counter. It does increment the 
program counter by one and consumes two MPU cycles. In spite of this, 
the NOP is a very useful instruction. When writing a program, we fre- 
quently use too many instructions. Once the program is loaded in mem- 
ory, it is often inconvenient to simply remove an instruction. The hole left 
in memory can be filled by moving back all instructions that follow. 
However, a faster way is to simply fill the hole with one or more NOP 
instructions. 

The Wait For Interrupt (WAI) instruction is the 6800's version of a HLT 
instruction. In earlier units we used this instruction at the end of all our 
programs. We will continue to use it in the same manner in the future. 
However, as you will see in the next unit, there is more involved in 
executing the WAI instruction than simply stopping the MPU. For now, 
though, continue to think of the WAI as a simple halt instruction. 



5-30 UNIT FIVE 



Condition Code Register Instructions 

The 6800 MPU has eight instructions that allow us direct access to the 
condition codes. These are listed in Figure 5-16. 



CONDITION CODE REGISTER 
OPERATIONS MNEMONIC 


BOOLEAN 
OPERATION 


5 


4 


3 


2 


1 


0 


H 


1 


N 


Z 


V 


C 


Clear Carry 


CLC 


0-C 




• 






• 


R 


Clear Interrupt Mask 


CLI 


0-1 




R 






• 


• 


Clear Overflow 


CLV 


o-v 




• 






R 


• 


Set Carry 


SEC 


1 -c 




• 






• 


s 


Set Interrupt Mask 


SEI 


1 -1 




S 






• 


• 


Set Overflow 


SEV 


1 -V 




• 






S 


• 


Acmltr A -* CCR 


TAP 


A-CCR 




-©- 






CCR -Acmltr A 


TPA 


CCR -A 




• 


• 


• 


• 



R = Reset 
S = Set 

• = Not affected 

0 (ALL) Set according to the contents of Accumulator A. 



Figure 5-16 
Condition code register instructions. 



7 6 5 4 3 2 10 



ACCA 



H) I | N | Z | vTc| CC 



CARRY -BORROW 
OVERFLOW 

:TW0' S COMPLEMENT) 
ZERO 
NEGATIVE 
INTERRUPT M ASK 
HALF CARRY 



Most of these instructions are self-explanatory. The Clear Carry (CLC) 
instruction resets the C flag to 0 while the Set Carry (SEC) sets it to 1. In 
the same way, the CLV and SEV instructions allow us to clear and set the 
overflow flag. Also, the CLI and SEI instructions can be used to clear or set 
the interrupt flag. 

You will notice that there are no instructions for individually clearing the 
N, Z, or H flags. However, we can still set or clear these flags with the 
Transfer Accumulator A to the Processor Status Register (TAP) instruc- 
tion. Figure 5-17 illustrates the execution of this instruction. The con- 
tents of bits 0 through 5 of accumulator A are transferred to the condition 
code registers. Thus, this instruction allows us to set or clear all the 
condition codes at once. 



Figure 5-17 
Executing the TAP instruction. 
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The final instruction is the Transfer Processor Status to Accumulator A 
(TP A) instruction. When this instruction is executed, the contents of the 
condition code registers are transferred to bits 0 through 5 of accumulator 
A. This operation is illustrated in Figure 5-18. Notice that bits 6 and 7 of 
the accumulator are set to 1. 



BIT POSITIONS 
7 6 5 4 3 2 J 0 



I 



"I'|N|Z|V1C| 



ACCA 



cc 

CARRY -BORROW 

- OVERFLOW 
i TWO 1 S COMPLEMENT) 

'ZERO 

■ NEGATIVE 

• INTERRUPT MASK 

• HALF CARRY 



Figure 5-18 

Executing the TPA instruction. 



Summary of Instruction Set 

As you can see, the 6800 MPU has a wide variety of instructions. In this 
section, most of the instructions have been mentioned briefly. However, a 
full explanation of some instructions must wait until additional new 
concepts have been covered. 

In one short section, it is very difficult to cover every instruction in detail. 
And, it is virtually impossible for the reader to remember all the details of 
each instruction. Remember, all of the instructions available to the 6800 
MPU are explained in detail in Appendix A of this program. Also, they 
are arranged alphabetically by their mnemonics for easy reference. Refer 
to Appendix A any time you are in doubt about what an instruction does. 
Be sure to look over the introductory material in the Appendix so that you 
understand all the conventions and symbols. 
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Self-Test Review 

9. List the seven general categories of instructions. 

10. What is meant by the shorthand notation: A+B — ► A? 

11. How is the C flag affected by the "add" and "add with carry" 
instructions? 

12. Is the C flag changed when the AND instruction is executed? 

13. Explain the difference between the NEG instruction and the COM 
instruction. 

14. Explain the difference between the AND A instruction and the 
BITA instruction. 

15. The decimal adjust instruction is associated with which ac- 
cumulator? 

16. When the RORA instruction is executed the LSB of accumulator A 
is shifted into the register. 

17. List eleven operations that can be performed directly to an operand 
in memory without first loading it into one of the MPU registers. 
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18. Explain the difference between the SUBB instruction and the 
CMPB instruction. 

19. List the four types of logic operations that the 6800 MPU can 
perform. 

20. When the LDX instruction is executed, from where is the index 
register loaded? 

21. List four conditional branch instructions that are commonly used 
after a compare or subtract instruction to compare two's comple- 
ment numbers. 

22. Explain the difference between the BGT and BHI instructions. 

23. Which instruction is often used to fill in a hole left in a program 
after an unwanted byte is removed? 

24. Which instruction in the 6800 roughly corresponds to the halt 
instruction in our hypothetical machine? 

25. Which of the condition codes can be individually set or cleared? 

26. When you have some doubt as to exactly what operation is 
performed by a given instruction, where can you look to find the 
answer? 
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Answers 



9. Arithmetic, data handling, logic, data test, index register and stack 
pointer, jump and branch, condition code. 



10. Add the contents of accumulator A to the contents of accumulator 
B; transfer the result to accumulator A. 

11. The C flag is set if a carry occurs; it is cleared otherwise. 

12. No, the C flag is unaffected by the AND instruction. 

13. The COM instruction replaces the operand with its l's comple- 
ment. The NEG instruction replaces the operand with its 2's com- 
plement. 

14. With the AND A instruction, the result of the AND operation is 
placed in accumulator A. With the BITA instruction, the condition 
code registers are set according to the result but the result is not 
retained. 



15. The decimal adjust instruction works only with the A accumulator. 



16. Carry (C). 



17. A byte in memory can be: cleared, incremented, decremented, 
complemented, negated, rotated left, rotated right, shifted left 
arithmetically, shifted right arithmetically, shifted right logically, 
and tested. 
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18. With the SUBB instruction, a difference is produced and placed in 
accumulator B. With CMPB, the flags are set as if a difference were 
produced, but the difference is not retained. 

19. Complement, AND, inclusive OR, and exclusive OR. 

20. The upper half of the index register is loaded from the specified 
memory location; the lower half from the byte following the 
specified memory location. 

21. BGE, BGT, BLE, BLT. 

22. BGT is used to test the result of subtracting two's complement 
numbers. BHI is used to test the result of subtracting unsigned 
numbers. 

23. NOP. 

24. WAI. 

25. C, I, and V. 

26. Appendix A of this course. 



i HEATHKIT 

5-36 UN.TF.VE WSS 



NEW ADDRESSING MODES 



In previous units, we have discussed four addressing modes. Let's briefly 
review these. 

In the immediate addressing mode, the operand is the memory byte 
immediately following the opcode. These are generally two byte instruc- 
tions. The first byte is the opcode, the second is the operand. However, 
there are exceptions to the two-byte rule. Some operations involve the 
16-bit index register and stack pointer. In these cases, the operand is the 
two bytes immediately following the opcode. These are three byte in- 
structions. The first byte is the opcode, the second and third are the 
operand. 

In the direct addressing mode, the byte following the opcode is the 
address of the operand. These are always two byte instructions. The first 
byte is the opcode; the second is the address of the operand. An eight-bit 
byte can specify addresses from 00 to FF 16 . Thus, when the direct address- 
ing mode is being used, the operand must be in the first 256 10 bytes of 
memory. Since the 6800 MPLf can have up to 65,536i 0 bytes of memory, 
another means must be used to address the upper portion of memory. 

The relative addressing mode is used for branching. These are two byte 
instructions. The first byte is the opcode, the second is the relative 
address. Recall that the relative address is added to the program count to 
form the absolute address. Since the 8-bit relative address is a two's 
complement number, the branch limits are +127 10 and -128 10 . 

In the inherent addressing mode either there is no operand or the operand 
is implied by the instruction. These are one byte instructions. 

In this section, we will discuss two new addressing modes. These are 
called extended addressing and indexed addressing. We will discuss 
extended addressing first. 
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Extended Addressing 



Extended addressing is similar to direct addressing but with one signifi- 
cant difference. Recall that with direct addressing the operand must be in 
the first 256i 0 bytes of memory. Since this represents less than one 
percent of the addresses available to the 6800 MPU, a more powerful 
addressing mode is needed. The extended addressing mode fills this 
need. 



The format of an instruction that uses extended addressing is shown in 
Figure 5-19. The instruction will always have three bytes. The first byte is 
the opcode. The second and third bytes form a 16-bit address. Notice that 
the most significant part of the address is the byte immediately following 
the opcode. Since this instruction has a 16-bit address, the operand can be 
at any one of the 65,536 10 possible addresses. 



I 1 I I I I 1 H 0PC0 " 

i i i i i i r 



HIGHER ORDER BYTE[ 



LOWER ORDER BYTe | [ [ 1 1 1 | 1 1 _ 



ADDRESS 



Figure 5-19 
Format of an instruction that uses the 
extended addressing mode. 



Suppose, for example, that you wish to load the operand at memory 
location 2 1 34 16 into accumulator B . The instruction would look like this: 



F6 Opcode for LDAB extended 

21 Higher order address 

34 Lower order address 



By the same token, if you wish to increment the number in memory 
location AA00i 6 , the instruction would be: 

7C Opcode for INC extended 

AA Higher order address 

00 Lower order address 
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The extended addressing mode allows us to address an operand at any 
address including the first 256 10 bytes of memory. Thus, if you wish to 
load the operand at address 0013 16 into accumulator A, you can use 
extended addressing: 



Notice that, with direct addressing, the higher order address can be 
ignored since it is always 00. Because it saves one memory byte and one 
MPU cycle, direct addressing is normally used when the operand is in the 
first 256 10 bytes of memory. Extended addressing is used when the 
operand is above address 00FF 16 . However, as you will see later, some 
instructions do not have a direct addressing mode. In these cases, ex- 
tended addressing must be used even if the operand is in the first 256, 0 
memory locations. 



B6 
00 
13 



Opcode for LDAA extended 
Higher order address 
Lower order address 



Or, you can use direct addressing: 



96 
13 



Opcode for LDAA direct 
Address 
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Indexed Addressing 



The most powerful mode available to the 6800 MPU is indexed address- 
ing. Recall that the 6800 MPU has a 16-bit index register. There are 
several instructions associated with this register. They allow us to load 
the register from memory and to store its contents in memory. Also, we 
can increment and decrement the index register. We can even compare its 
contents with two consecutive bytes in memory. These capabilities alone 
make the index register a very handy 16-bit counter. However, the real 
power of the index register comes from the fact that we can use this 
counter as an address pointer. Since this is a 16-bit register, it can point to 
any address in memory. 

Purpose Before going into the details of how indexed addressing 
works, let's see why it is needed. Let's assume that we wish to add a list of 
20 16 numbers, and that the numbers are in 20 16 consecutive memory 
locations starting at address 0050. Using the addressing modes discussed 
earlier, our program might look like this: 



While this accomplishes the desired result, it requires a long repetitive 
program. The above program would require 66 10 bytes of memory. Notice 
that all the ADDA instructions are identical except that each successive 
address is one larger than the previous address. Indexed addressing can 
greatly simplify programs of this type. 



CLRA 
ADDA 

50 
ADDA 

51 
ADDA 

52 



Clear Accumulator A. 
Add the first number 
To accumulator A. 
Add the second 
number to accumulator A. 
Add the third number 
to accumulator A. 



ADDA 
6F 
WAI 



Add the last number 
to accumulator A. 
Wait. 
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Instruction Format The format of an instruction that uses indexed 
addressing is shown in Figure 5-20. Notice that this is a two-byte instruc- 
tion. The first byte is the opcode, and the second is called an offset 
address. The offset address is an unsigned 8-bit binary number. It is 
added to the contents of the index register to determine the address at 
which the operand is located. 



OPCODE 



OFFSET ADDRESS 



Figure 5-20 
Format of an instruction that uses 
the indexed addressing mode. 



Every instruction that involves an operand in memory can use the index- 
ed addressing mode. In this unit, we will use the following convention to 
indicate indexed addressing: 

LDAA, X 
STAA, X 
ADDB, X 
etc. 



In each case, the X tells us that indexed addressing is used. For example, 
the first instruction means: "using indexed addressing, load the contents 
of the specified memory location into accumulator A." Now let's see how 
the address of the operand is determined. 
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Determining the Operand Address When indexed addressing is being 
used, the address of the operand is determined by the offset address and 
the number in the index register. Specifically, the 8-bit offset address is 
added to the 16-bit address in the index register. The 16-bit sum becomes 
the address of the operand. Figure 5-21 illustrates this. 



0000 
0001 
0002 
0003 
0004 
0005 



MEMORY 



A6 



OP CODE 
FOR LDAA.V 



INDEX 
REGISTER 



| 0 1 [ 3 3 I 




Figure 5-21 
The operand address is formed by 
adding the offset address to the 
contents of the index register. 



Here, the instruction in memory location 0004, 6 is LDAA, X. The offset 
address is 11 16 . The contents of the index register are 0133 16 . When the 
LDAA, X instruction is executed, the address of the operand is formed by 
adding the offset address to the number in the index register. In this case, 
the operand address will be: 



0133 16 

+ 11 16 

0144 16 



The operand at this address is loaded into accumulator A. In this exam- 
ple, the operand FF is loaded into accumulator A when the instruction at 
location 0004 is executed. It is important to remember that this does not 
change the contents of the index register in any way. That is, the index 
register will still contain 0133 16 after the instruction is executed. 
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Adding a List of Numbers To see how this addressing mode saves 
instructions, consider the problem given earlier. Recall that we were to 
add 20 16 numbers stored in consecutive memory locations starting at 
address 0050. Using indexed addressing for the add instruction, our 
program looks like the one shown in Figure 5-22. 



HEX 
ADDRESS 


HEX 
CONTENTS 


MNEMONICS/ 
HEX CONTENTS 


COMMENTS 


0010 


CE 


LDX # 


Load index register immediate with the 


0011 


00 


00 


address of the 


0012 


50 


50 


first number in list. 


0013 


4F 


CLRA 


Clear accumulator A 


0014 


AB 




{ ■ » ADDA. X 


Add to accumulator A using indexed addressing 


0015 


00 




00 


with an offset address of 00. 


0016 


08 




INX 


Increment index register. 


0017 


8C 




CPX 0 


Compare the contents of the index register 


0018 


00 




00 


with an address that is one greater than the 


0019 


70 




70 


address of the last number in the list. 


001 A 


26 




BNE 


If not equal . branch back 


001B 


F8 






to the ADDA. X instruction. 


001C 


3E 


WAI 


Otherwise, halt. 



Figure 5-22 

Program for adding a list of 
20, 6 numbers. 



The first instruction is load index register immediate. Notice that a new 
symbol is used in this program. The symbol # is used to indicate the 
immediate addressing mode. Thus, the LDX# instruction causes the 
operand immediately following the opcode to be loaded into the index 
register. Recall that the index register can hold two 8-bit bytes. The 
operand is the two-byte number 0050 16 . You may recognize that this is the 
address of the first number in the list of numbers that is to be added. 



The next instruction clears accumulator A. The sum will be accumulated 
in this register, so it is important that it be cleared initially. 

The third instruction (ADDA, X) is the only instruction in the program 
that uses indexed addressing. Notice that the symbol X indicates the 
indexed addressing mode. The offset address is 00. Recall that the 
operand address is determined by adding the offset to the contents of the 
index register. The index register contains 0050 16 from a previous in- 
struction. Since the offset is 00, the operand address is 0050 16 . That is, the 
contents of memory location 0050 are added to the contents of ac- 
cumulator A. Recail that 0050 16 is the address of the first number in the 
list. 
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The fourth instruction increments the index register to 0051 j 6 . Notice that 
the index register now points to the address of the second number in the 
list. 

The fifth instruction compares the number in the index register with a 
number that is one greater than the address of the last number in the list. 

If a match occurs, the Z flag will be set. Of course in this case, no match 
occurs yet. Notice once again that the symbol # indicates the immediate 
addressing mode. Thus, the contents of the index register are compared 
with the next two bytes in the program or 0070. 

The BNE instruction tests the Z flag to see if the two numbers matched. If 
no match is indicated, the relative address (F8) directs the program back 
to the ADDA, X instruction. The first pass through the loop ends with the 
first number in accumulator A. 

The second pass through the loop begins with the ADDA, X instruction 
being executed again. This time the index register points to address 0051 . 
Therefore, the second number in the list is added to accumulator A. 
Accumulator A now contains the sum of the first two numbers. The index 
register is then incremented to 0052. Its contents are again compared 
with 0070. No match exists so the BNE instruction causes the loop to be 
repeated again. 

The loop is repeated over and over again. Each time, the next number in 
the list is added to accumulator A. This process continues until the last 
number in the list is added. At that time, the index register will be 
incremented to 0070. Thus, when the CPX# instruction is executed, the Z 
flag will be set because the two numbers match. The BNE instruction 
recognizes that a match has occurred. Consequently, it does not allow the 
branch to occur and the next instruction in sequence is executed. Because 
this is the WAI instruction, the program halts. At this time, the sum of the 
20 16 numbers in the list will be in accumulator A. 
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Adding a list of numbers is a classic example of how indexing can be used 
to shorten a program. However, this example does not illustrate the full 
power of indexed addressing. For example, it does not illustrate the 
advantage of the offset address. Because indexed addressing is so impor- 
tant, let's look at another example. 

Copying a List Let's assume we have a list of 10 16 numbers that we wish 
to copy from one location to another. For simplicity, assume that the list 
is presently in addresses 0030 through 003F and that we wish to copy the 
list in location 0040 through 004F. Without using indexed addressing, 
our program might look like this: 

LDAA 

30 
STAA 

40 
LDAA 

31 
STAA 

41 



LDAA 

3F 
STAA 

4F 
WAI 

As you have seen; long, repetitive programs such as this are excellent 
candidates for indexed addressing. 
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Using indexed addressing, our program might look like that shown in 
Figure 5-23. The first step is to load the index register with the first 
address in the original list. The LDAA, X instruction has an offset address 
of 00. Therefore, accumulator A is loaded from the address specified by 
the index register (0030). That is, the first number in the original list is 
loaded into accumulator A when the LDAA, X instruction is executed. 



HEX 
ADDRESS 


HEX 
CONTENTS 


MNEMONICS/ 
HEX CONTENTS 


COMMENTS 


0010 


CE 


LDX # 


Load index register immediate with 


0011 


00 


00 


the first address of trie original 


0012 


30 


30 


list. j 


0013 


A6 




■ » LDAA, X 


Load accumulator A indexed with 


0014 


00 




00 


an offset of 00. 


0015 


A7 




STAA. X 


Store accumulator A indexed with 


0016 


10 




10 


an offset of 10,„. 


0017 


08 




INX 


Increment index register. 


0018 


8C 




CPX # 


Compare index with one greater 


0019 


00 




00 


than last 


001 A 


40 




40 


address in original list. 


001 B 


26 




BNE 


tf not equal, branch back to the 


001 C 


F6 






LDAA, X instruction. 


001 D 


3E 


WAI 


Otherwise, halt. 



Figure 5-23 
Program for copying a list from 
addresses 0030 — 003F into 
addresses 0040 — 004F. 



The STAA, X instruction illustrates the use of the offset address. Notice 
that the offset is 10. This number is added to the address in the index 
register to form the effective address at which the contents of ac- 
cumulator A are stored. Thus, the contents of accumulator A are stored at 
address 0040. Remember, this does not change the number in the index 
register in any way. By using the offset, we can load the accumulator 
indexed from one address and store the accumulator indexed at another. 

Next, the index register is incremented to 0031. It is then compared with 
0040. Since no match exists, the BNE instruction directs the program 
back to the LDAA, X instruction. The loop is repeated until the entire list 
is rewritten in locations 0040 through 004F. After the last entry in the list 
is copied, the index register is incremented to 0040. Thus, the CPX# 
instruction sets the Z flag allowing the BNE instruction to divert the 
program from the loop. The program halts after the last entry in the list is 
written in its new position in memory. 
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Instruction Set Summary 

You have now been introduced to most of the instructions available to the 
6800 MPU. You have also been introduced to all of the addressing modes. 
Now let's look at the complete instruction set. 

Figure 5-24 summarizes the 6800's instructions and addressing modes. 
This 2-page Figure contains a wealth of information. For your conveni- 
ence, this information is repeated on the Instruction Set Summary card 
provided with the course. You should keep this card handy. After a 
while, you will be able to write long, complex programs using only the 
card for reference. 

The left-hand column of Figure 5-24 lists the names and mnemonics for 
each of the instructions. In many cases, a single name such as "add" is 
associated with more than one mnemonic. For example, ADDA is an add 
operation that involves accumulator A while ADDB is an add operation 
that involves accumulator B. 

The center column gives important information about the addressing 
modes. Notice that the ADDA instruction can have any one of four 
addressing modes: immediate, direct, indexed, or extended. Three facts 
are given for each addressing mode. The hexadecimal opcode is given in 
the OP column. For example, the opcode for ADDA immediate is 8B 
while the opcode for ADDA direct is 9B. 

The column labeled (~ ) tells the number of MPU cycles required to 
execute the instruction. This information is important because it allows 
us to determine exactly how long it will take to run a given program. As 
you will see later, an MPU cycle is equal to one cycle of the MPU clock. 
For example, if the clock frequency is 1 MHz, one MPU cycle will be one 
microsecond. With this clock rate, 2 microseconds are required to exe- 
cute the ADDA immediate instruction while 5 microseconds are required 
for the ADDA indexed instruction. 

The column labeled (#) indicates the number of bytes required by the 
instruction. ADDA immediate, ADDA direct, and ADDA indexed are 
two-byte instructions v/hile ADDA extended is a three-byte instruction. 

The next column to the right gives the shorthand notation for the Boolean 
or arithmetic operations performed. Finally, the right-hand column indi- 
cates how the condition code registers are affected by each instruction. 

If you study the instruction set carefully, you will find that there are a few 
instructions that we have not yet discussed. These will be described in 
the next unit. 



HEATHKIT 

CONTfNlHNC 
EDUCATION 



The 6800 Microprocessor — Part 1 I 5" 47 



ADDRESSING MODES 



ACCUMULATOR AMD MEMORY 
OPERATIONS MNEMONIC 


IMMED 


DIRECT 


INDEX 


EXTND 


INNER 


OP 






OP 






OP 






OP 






OP 






Add 


ADDA 


86 


2 


2 


98 


3 


2 


A6 


5 


2 


BB 


4 


3 










ADOB 


CB 


2 


2 


06 


3 


2 


E6 


5 


2 


F6 


4 


3 








Add Acmltrs 


ABA 


























IB 


2 


1 


Add with Carry 


ADCA 


89 


2 


2 


99 


3 


2 


A9 


5 


2 


69 


4 


3 










A0C6 


C9 


2 


2 


09 


3 


2 


E9 


5 


2 


F9 


4 


3 








And 


ANOA 


84 


2 


2 


94 


3 


2 


A4 


5 


2 


84 


4 


3 










ANOB 


C4 


2 


2 


D4 


3 


2 


E4 


5 


2 


F4 


4 


3 








Bit Test 


BITA 


85 


2 


2 


95 


3 


2 


A5 


5 


2 


65 


4 


3 










BITB 


C5 


2 


2 


OS 


3 


2 


E5 


5 


2 


F5 


4 


3 








Clear 


CLR 














6F 


7 


2 


7F 


6 


3 










CLRA 


























4F 


2 


1 




CLRB 


























5F 


2 


1 


Compare 


CM PA 


81 


2 


2 


9) 


3 


2 


A1 


5 


2 


61 


4 


3 










CMPB 


Ci 


2 


2 


01 


3 


2 


E1 


5 


2 


F1 


4 


3 








Compere Acmltrs 


CBA 


























11 


2 




Complement 1 's 


COM 














63 


7 


2 


73 


6 


3 










COMA 


























43 


2 






COMB 


























53 


2 


1 


Complement. 2*s 


NEC 














60 


7 


2 


70 


6 


3 








(Negate) 


NEGA 


























40 


2 


1 




NEGB 


























50 


2 


1 


Oecimat Ad|ust. A 


DAA 


























19 






Oecrement 


DEC 














6A 


7 


2 


7A 


6 


3 










OECA 


























4A 


2 


1 




DECB 


























5A 


2 




Exclusive OR 


EORA 


88 


2 


2 


98 


3 


2 


A8 


5 


2 


68 


4 


3 










EORB 


C8 


2 


2 


08 


3 


2 


E8 


5 


2 


F8 


4 


3 








Increment 


INC 














6C 


7 


2 


7C 


6 


3 










INCA 


























4C 


2 


1 




INCB 


























SC. 


2 


1 


Load Acmltr 


LOAA 


B6 


2 


2 


96 


3 


2 


A6 


5 


2 


66 


4 


3 










LOAB 


C6 


2 


2 


06 


3 


2 


E6 


S 


2 


F6 


4 


3 








Or. Inclusive 


ORAA 


8A 


2 


2 


9A 


3 


2 


AA 


5 


2 


BA 


4 


3 










ORAB 


CA 


2 


2 


DA 


3 


2 


EA 


5 


2 


FA 


4 


3 








Push Data 


PSHA 


























36 


4 


' 




PSHB 


























37 


4 


1 


Pull Oata 


PULA 


























32 


4 


1 




PULB 


























33 


4 


1 


Rotate Left 


ROL 














69 


7 


2 


79 


6 


3 










ROLA 


























49 


2 


1 




ROLB 


























59 


2 


1 


Rotate Right 


ROR 














66 


7 


2 


76 


6 


3 










RORA 


























46 


2 


1 




RORB 


























56 


2 


1 


Shift Left, Arithmetic 


ASL 














68 


7 


2 


78 


6 


3 










ASLA 


























48 


2 


1 




ASLB 


























58 


2 


1 


Shift Right. Arithmetic 


ASR 














67 


7 


2 


77 


6 


3 










ASRA 


























47 


2 


1 




ASRB 


























57 


2 


1 


Shift Right, Logic 


LSR 














64 


7 


2 


74 


6 


3 










LSRA 


























44 


2 


1 




LSRB 


























54 


2 


1 


Store Acmltr 


STAA 








97 


4 


2 


A7 


6 


2 


67 


5 


3 










STAB 








07 


4 


2 


E7 


6 


2 


F7 


5 


3 








Subtract 


SUBA 


80 


2 


2 


90 


3 


2 


AO 


5 


2 


BO 


4 


3 










SUBB 


CO 


2 


2 


DO 


3 


2 


EO 


c, 


2 


FO 


4 


3 








Subract Acmltrs 


SBA 


























10 


2 




Subtr. with Carry 


SBCA 


82 


2 


2 


92 


3 


2 


A2 


5 


2 


62 


4 


3 










SBCB 


C2 


2 


2 


02 


3 


2 


E2 


5 


2 


F2 


4 


3 








Transfer Acmltrs 


TAB 


























16 


2 


1 




TBA 


























17 


2 


1 


Test, Zero or Mmus 


TST 














60 


7 


2 


70 


6 


3 










TSTA 


























40 


2 






TSTB 


























50 


2 


1 



BOOLEAN/ARITHMETIC OPERATION 
(AH rtf nttf Mats 
refer to contests) 



COND CODE REG. 



A + M -A 

B + M-B 

A + B-»A 

A fM + C-A 

B+M+C-B 

A . M -A 

8-M-B 

A. M 

6 - M 

00 -M 

00 -A 

00 -B 

A - M 

6 - M 

A- 8 

M-M 

A -A 

B B 

00 -M-M 
00 - A -A 
00 - 6 - B 

Converts Binary Add of BCD Characters 

into BCD Format 

M - 1 -M 

A - 1 -A 

B - 1-B 

A *M -A 

6 * M -* 8 

M + 1-M 

A + 1-A 

B *1-B 

M - A 

M -B 

A + M -» A 

B+M 

A-M S p. SP-1 -SP 
B -M S p.SP-1 -SP 
SP ♦ 1 ~* SP, M$p-A 
SF + 1 -SP. M S p-B 

M | , , 

A 
B 

'J 

■ I 

M | 
A 
6 
M 

A 



—a - 1 1 1 1 1 1 1 1 1 - 

C b 7 - brj 



□ - 



- □ 



0 -c 



jl 

A-M 

B-M 

A - M-A 

B-M-6 

A - B-A 

A - M - C-*A 

B-M-C-B 

A-B 

B-A 

M -00 

A-00 

B - 00 



5 


* 


3 


2 


i 


8 


H 




N 


Z 


V 


C 


j 






j 


x 


j 


x 






x 


x 


j 


j 


* 




I 


x 


x 


x 






x 


x 


x 


J 






x 


x 


x 




I 




t 


R 


• 


• 


• 


X 


t 


R 


• 








x 


R 










X 


p 








p 




p 


p 






R 


S 


R 


R 






p 




p 


p 










I 




• 


• 


j 

: 




I 


t 


• 


• 






R 


5 


• 


• 






R 




• 


• 


x 




R 




• 


• 


x 




© 


© 


• 


• 




1 


© 


© 


• 


• 


1 




© 


© 


• 


• 


j 


j 


1 


© 


* 


* 






(D 


* 


• 


• 


1 


1 


0 


* 


• 


• 


1 


1 


0 


* 


* 


* 


* 


1 


R 


* 


* 


* 


* 




R 


* 


* 


• 


* 


I 




* 


* 


* 


* 




CD 


* 


• 


• 


t 


! 




* 






j 




p 








j 




R 








t 
* 




p 




























• 


* 




























* 










j 




\L' 








j 


j 


/T\ 
\°) 








♦ 
* 












t 






+ 






j 




\£J 


* 






t 












j 












x 




(6) 


t 






j 




fa 








♦ 
* 


* 














\SJ 








+ 












R 




(?) 








R 




\z> 








* 








































+ 


: 










♦ 

I 




• 








t 












t 












t 












R 












R 












R 


R 










R 


R 










R 


R 



Figure 5-24 
The 6800 instruction set. 
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INDEX REGISTER AND STACK 
POINTER OPERATIONS MNEMONIC 


1MMEO 


OIRECT 


INOEX 


EXTNO 


INNER 


BOOLEAN/ARITHMETIC OPERATION 


5 


JL, 


3 


2 


i 


0 


OP 






OP 






OP 




9 


OP 






OP 




# 


H 




N 


Z 


V 


c 


Compart Indix Rtg 


CPX 


8C 


3 


3 


9C 


4 


2 


AC 


S 


2 


8C 


5 


3 








(X H /X L ) - (M/M ♦ 1) 


• 


• 


© 


t 


® 


• 


Dtcrtmtnt Indtx Rtg 


OEX 


























09 


4 


1 


X - 1 -X 


• 


• 




i 


• 


• 


Otcrtmtnt Stack Pntr 


OES 


























34 


4 


1 


SP - 1 -SP 








• 


• 


• 


incrtmtnt Indtx Reg 


INX 


























:s 


4 


1 


X ♦ I -X 










• 


• 


Incrtmtnt StKk Pntr 


INS 


























31 


4 


1 


SP ♦ 1 - SP 








• 


• 


• 


Load Indtx Rtg 


LOX 


CE 


3 


3 


OE 


4 


2 


EE 


6 


2 


FE 


5 


3 








M-X H , IM ♦ 1}-X L 








t 


R 


• 


Load Stack Pntr 


LOS 


BE 


3 


3 


9E 


4 


2 


AE 


6 


2 


BE 


5 


3 








M-SP H . (M + 1)-SP L 






© 


i 


R 


• 


Stort Indtx Rtg 


STX 








OP 


5 


2 


£F 


7 


2 


FF 


5 


3 








X H -M, X L -IM ♦ 1) 






© 


: 


R 


• 


Stort Stack Pntr 


STS 








9F 


5 


2 


AF 


7 


2 


8F 


s 


3 








SP H -M, SP L -!M* t) 






© 


i 


R 


• 


Indx Rtg - Stack Pntr 


TXS 


























35 


4 


1 


X - 1 -SP 










• 


• 


SttCk Pntr - Indx Rtg 


TSX 


























JC 


4 


1 


SP + 1 — X 










• 


• 



JUMP ANO BRANCH 
OPERATIONS 


MNEMONIC 


RELATIVE 


INOEX 


EXTNO 


INHER 


OP 






OP 






OP 






OP 






Branch Always 


BRA 


20 




2 




















Branch If Carry Clear 


BCC 


24 




2 




















Branch If Carry Set 


3CS 


25 




2 




















Branch If = Zero 


BEQ 


27 




2 




















Branch If ^ Zero 


BGE 


2C 




2 




















Branch If > Zero 


BGT 


2E 




2 




















Branch If Higher 


BHI 


22 




2 




















Branch If «S Zero 


3LE 


2F 




2 




















Branch if Lower Or Same 


3LS 


23 




2 




















Branch if < Zero 


BLT 


20 




2 




















Branch !f Minus 


BUI 


2B 




2 




















Branch If Not Equal Zero 


BNE 


26 




2 




















Branch II Overflow Clear 


BVC 


29 




2 




















Branch If Overflow Set 


BVS 


29 




2 




















Branch If Plus 


BPL 


2A 




2 




















Branch To Subroutine 


BSR 


80 


8 


2 




















Jump 


JMP 








6E 


4 




7E 


3 


3 








jump To Subroutine 


JSR 








4 0 


8 




ao 


0 


3 








No Operation 


NOP 




















31 


2 




Return From Interrupt 


RTI 




















33 


10 




Relurn From Subroutine 


RTS 




















39 


5 




Software Interrupt 


SWI 




















3F 


12 




Vita it for Interrupt 


WAI 




















3E 


9 





BRANCH TEST 

None 

C = 0 

C- I 

Z= 1 

N * V = 0 

Z + 1N-5V) - 0 

c + z » o 

Z + IN*V) = 1 
C + Z = 1 
N * V = 1 
N = I 
Z - 0 

V 0 

V = 1 
N = 0 

See Special Operations 

Advances Prog. Cntr. Only 

See special Operations 



0 



CONOITIONS COOE REGISTER 


iNHER 


BOOLEAN 
OPERATION 


5 


4 


3 


2 




0 


OPERATIONS 


MNEMONIC 


OP 






H 


1 


H 


Z 


V 


c 


Clear Carry 


CLC 


OC 


2 


1 


0 -c 




• 






• 


p 


Clear interrupt Mask 


CL1 


OE 


2 


1 


0 -1 




R 






• 


• 


Clear Cverflow 


CLV 


OA 


2 


1 


0 -V 




• 






R 


• 


Set Carry 


SEC 


00 


2 


1 


1 -c 




• 






• 


S 


Set Interrupt Mas* 


SEI 


OF 


2 


1 


1 -1 




S 






• 


• 


Set Overflow 


SEV 


OB 


2 


1 


1 -V 




• 




• i s 




Acmitr A - CCR 


TAP 


06 


2 


1 


A-CCR 


( 










2> — 




CCR - Acmltr A 


TPA 


07 


2 


1 










LEGEND: 






00 


Byte = 


Zero: 








OP Operation Code (Hexadecimal), 


H 


Ha»f carry from bit 3. 








Number ol MPU Cycles; 




1 


Interrupt mask 








= Number of Program Bytes, 




N 


Negative (sign bit) 









CONOITION CODE REGISTER NOTES: 

(Bit set if test is true and cleared otherwise* 
(B.t V) Test: Result 100Q0Q00 7 
(B.t C) Test: Result » 000QQ0Q0 7 

(Bit C) Test: Oecimal value of most significant BCD Character greater than nine 7 
(Not cleared il previously set.) 

(Bit VI Test: Operand = lOGQOOQQ prior to execution' 

(Bit VI T est ; Operand 1 01111111 prior to execution? 

(Bit V) Test: Set equal to result of N * C after shift has occurred. 

(Bit Nl Test: Sign bit of most significant (MS) byre o< result » V 

(Bit V) Test: 2's complement overflow from subtraction of LS bytes 7 

(Bit N) Test: Result less than *ero? (Bit 15=11 

(All) Load Condition Code Register from Stack (See Special Operations) 

(Bit IJ Set when interrupt occurs. If previously set, a Nun Maskable Interrupt is 
required to exit the wait state. 

(ALL) Set according to the contents of Accumulator A. 



© 



0 
0 

0 
© 
© 

Q 
Q 



+ Arithmetic Plus; 

Arithmetic Minus; 

Boolean ANO; 

Mgp Contents of memory location 
pointed to be Stack Pointer, 

■f Boolean Inclusive OR; 

~ Boolean Exclusive OR; 

M Complement of M; 

- Transfer Into; 

0 Bit = Zero; 



Z Zero (byte) 

V Overflow. 2's complement 

C Carry from btt 7 

R Reset Always 

S Set Always 

! Te:i and set >* true, cleared otherwise 

• Not Affected 

CCR Condition Co3e fiegisttr 

LS Least Significant 

MS Most Significant 



Figure 5-24 
(continued) 
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Self-Test Review 

27. A disadvantage of direct addressing is that the operand must be in 
the first bytes of memory. 

28. The advantage of direct addressing is that only 

bytes are required for each instruction. 

29. Extended addressing can address bytes of memory. 

30. A disadvantage of extended addressing is that each instruction 
requires bytes. 

3 1 . Can extended addressing be used to address an operand in the first 
2 56 io bytes of memory? 

32. The most powerful addressing mode available to the 6800 is called 
addressing. 

3 3 . Indexed addressing requires bytes for each instruc- 
tion. 

34. The second byte of an indexed addressing instruction is called the 
address. 

35. How is the address of the operand determined when indexed ad- 
dressing is used? 



36. Carefully examine the program shown in Figure 5-25. Determine 
what the program does and fill in the comments column. What 
number is loaded into the index register by the first instruction? 



HEX 


HEX 


MNEMONICS/ 


COMMENTS 


ADDRESS 


CONTENTS 


HEX CONTENTS 


0010 


CE 


LDX # 




0011 


00 


00 




0012 


50 


50 




0013 


6F 




f » CLR, X 




0014 


00 




00 




0015 


08 ; 




INX 




0016 


8C 




CPX# 




0017 


00 




00 




0018 


60 




60 




0019 


26 




BNE 




001 A 


F8 




1 F8 




001B 


3E 


WAI 





Figure 5-25 
Program for Self-Test Review 
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37. What location is cleared by the CLR, X instruction? 



38. What is the number in the index register after the INX instruction is 
executed for the first time? 

39. The loop will be repeated until the number in the index register is 



40. What does this program do? 

41. Refer to Figure 5-24. What is the hexadecimal opcode for the LDAB 
extended instruction? 

42. How many MPU cycles are required by the INC, X instruction? 

43. How many bytes in the LDS # instruction? 
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Answers 

27. 256 10 . 

28. Two. 

29. 65,536 10 . 

30. Three. 

31. Yes. Although direct addressing is normally used when the 
operand is in the first 256 10 bytes of memory, extended addressing 
can be used also. 

32. Indexed. 

33. Two. 

34. Offset. 

35. The offset address is added to the contents of the index register. 

36. 0050 16 . 

37. 0050 16 . 

38. 0051 16 . 

39. 0060 16 . 

40. The program clears memory locations 0050 16 through 005F 16 . 

41. F6 16 . 

42. Seven. 

43. Three. 
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EXPERIMENTS 



Perform Programming Experiments 7 and 8. You will find these experi- 
ments in Unit 9. After you finish these experiments, return to this unit 
and complete the Unit Examination. 
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UNIT EXAMINATION 

1. Which of the following program segments will not clear both 
accumulators? 

A. CLRA 
CLRB 

B. CLRA 
TAB 

C. CLRB 
TBA 

D. CLRA 
ABA 

2. Which of the following contains an operation that can not be 
performed directly on a byte in memory using a single instruc- 
tion? 

A. Increment, decrement, shift left arithmetically. 

B. Clear, complement, compare. 

C. Rotate left, negate, test for zero. 

D. Shift right logically, rotate right, test for minus. 

3 . Which addressing mode is best suited for adding a list of num- 
bers? 

A. Direct. 

B. Extended. 

C. Indexed. 

D. Relative. 
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4. Which of the following program segments will sucessfully swap 
the contents of accumulators A and B? 



A. TAB 
TBA 



C. TAB 
ABA 



B. 



STAA 
10 

TBA 

LDAB 

10 



STAA 
10 

LDAB 
10 

TBA 



5. Which of the following program segments will cause a branch if 
the number in memory location 8310 is odd? 



B. 



ROR 


C. 


RORA 


83 




BCS 


10 




07 


BCS 






07 


D. 


LDAA 






83 


ASL 




10 


83 




ROLA 


10 




BCS 


BCS 




07 


07 







6. Examine the following program segment: 



CLRA 
INCA 
BNE 
FD 
WAI 

If an MPU cycle is 1 microsecond, how much time elapses from 
the time this segment starts running until the WAI instruction is 
fetched? 



A. Approximately 8 microseconds. 

B. Approximately 2050 microseconds. 

C. Approximately 1538 microseconds. 

D. Approximately 3 microseconds. 
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7. Which of the following instructions can be used to clear the Z 
flag? 

A. BEQ 

B. BNE 

C. NOP 

D. TAP 

8. Which of the following instructions can be used to test the result 
of the subtraction of unsigned binary numbers? 

A. BGE. 

B. BGT. 

C. BCS. 

D. BLT 

9. Examine the following program segment: 

LDX # 
00 
50 




WAI 

How many times will the DEX instruction be executed? 

A. Once 

B. 50 16 times. 

C. 65,536io. 

D. The number of times will depend on the contents of memory 
location 0050. 
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HEX 
ADDRESS 


HEX 
CONTENTS 


MNEMONICS/ 
HEX CONTENTS 


COMMENTS 


0010 


4r 


CLRA 


Clear Accumulator A. 


001 1 


7D 


TST 


Test 


0012 


00 


00 


the 


0013 


1E 


1E 


multiplier. 


0014 


27 


BEQ 


If it is zero branch to wait. 


0015 


07 


07 




0016 


7A 


DEC 


Otherwise decrement 


0017 


00 


00 


the 


0018 


1E 


1E 


multiplier. 


0019 


9B 


ADDA 


Add the 


001 A 


1F 


IF 


multiplicand to the product. 


001 B 


20 


BRA 


Repeat the loop. 


001C 


F4 


F4 




001 D 


3E 


WAI 


Wait. 


001 E 


05 


Multiplier | 




001F 


04 


Multiplicand 





Figure 5-26 
This program multiplies by repeated 
addition. 



NOTE: Refer to the program shown in Figure 5-26 for questions 10 
through 16, 

10. What addressing mode does the TST instruction use? 

A. Immediate 

B. Direct. 

C. Extended. 

D. Indexed. 

11. The BEQ instruction checks to see if the TST instruction set the: 

A. Z flag 

B. C flag. 

C. H flag. 

D. V flag. 

12. The DEC instruction decrements the number in: 

A. Accumulator A. 

B. Memory location 001E. 

C. Accumulator B. 

D. The index register. 
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1 3 . Which instruction is executed immediately after the BRA instruc- 
tion? 

A. WAI. 

B. BEQ. 

C. CLRA. 

D. TST. 

14. With the values given for the multiplier and multiplicand, how 
many times will the main program loop be repeated? 

A. Four times. 

B. Five times. 

C. Twenty times. 

D. Twice. 

1 5 . After the program has been executed, memory location 00 IE will 
contain: 

A. 05 16 . 

B. 04 16 . 

C. 20 16 . 

D. 00 16 . 

1 6 . After the program has been executed, the product will appear in: 

A. Memory location 001E. 

B. Memory location 00 IF. 

C. Accumulator A. 

D. Accumulator B. 
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HEX 


HEX 


MNEMONICS/ 


COMMENTS 


Annoccc 


rONTPMT^ 
uvn i en i o 


HEX CONTENTS 




0010 


CE 


LDX# 




0011 


00 


00 




0012 


00 


05 




0013 


A6 




» LDAA, X 




0014 


20 




20 




0015 


AB 




ADDA, X 




0016 


30 




30 




0017 


A7 




STAA X 




0018 


40 




40 




0019 


08 




INX 




001 A 


ec 




CPX# 




001 B 


00 




00 




001 C 


15 




15 




001D 


26 




8NE 




001E 


F4 




■ F4 




001 F 


3E 


WAI 





Figure 5-27 
Program for Questions 17 through 20. 



NOTE: Refer to Figure 5-27 for Questions 17 through 20. Analyze the 
program, determine what it does, and fill in appropriate comments. 



17. On the first pass through the main program loop, the LDAA, X 
instruction takes its operand from memory location: 



A. 0005. 

B. 0020. 

C. 0025. 

D. 0014. 
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1 8 . On the first pass, the ADDA, X adds the contents of what memory 
location to accumulator A? 

A. 0005. 

B. 0030. 

C. 0035. 

D. 0016. 

19* On the second pass through the program loop, the contents of 
memory location: 

A. 002 1 are added to the contents of 003 1 and the result is stored 
in 0041. 

B. 0026 are added to the contents of 0036 and the result is stored 
in 0046. 

C. 0025 are added to the contents of 0035 and the result is stored 
in 0045. 

D. 0020 are added to the contents of 0030 and the result is stored 
in 0040. 

20. How many times is the main program loop repeated? 

A. 10 16 times. 

B. 05 16 times. 

C. 30i 6 times. 

D. 15 J6 times. 
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THE 6800 MICROPROCESSOR 



In the previous unit, you were introduced to the architecture and instruc- 
tion set of the 6800 microprocessor. Much of the MPU's capabilities were 
discussed; however, three important areas were omitted. These include 
the microprocessor's stack operation, the use of subroutines, and the 
interrupt capability. These capabilities are discussed in detail in this 
unit. You are also introduced to input-output operations. 
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UNIT OBJECTIVES 

When you have completed this unit, you will be able to: 

1. Explain the difference between a cascade stack and a memory 
stack. 

2. Write simple programs that can store data in — and retrieve data 
from — the stack. 

3. Write programs that use the stack and indexing to move a list from 
one place in memory to another. 

4. Explain the operations performed by each of the following instruc- 
tions: PULA, PULB, PSHA, PSHB, DES, INS, LDS, STS, TXS, and 
TSX. 

5. Define stack, subroutine, nested subroutine, interrupt, interrupt 
vector, and interrupt masking. 

6. Write programs that use subroutines and nested subroutines. 

7. Explain the operations performed by each of the following instruc- 
tions: JMP, JSR, BSR, and RTS. 

8. Describe how the 6800 MPU performs input and output operations. 

9. Draw flowcharts depicting the sequence of events that occur dur- 
ing reset, non-maskable interrupt, interrupt request, software inter- 
rupt, return from interrupt, and wait for interrupt. 

10. Explain the operation performed by each of the following instruc- 
tions: WAI, SWT, RTI, SEI, and CLI. 
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UNIT ACTIVITY GUIDE 

Time 

n Read Section on Stack Operations. 

fl Complete Self-Test Review Questions 1-10. 

I I Read Section on Subroutines. 

□ Complete Self-Test Review Questions 11-20. 

l~l Read Section on Input-Output Operations. 

□ Complete Self-Test Review Questions 21-27. i 

I I Read Section on Interrupts. 

□ Complete Self-Test Review Questions 28-40. 

l~l Perform Programming Experiments 9 and 10. 

I I Complete Unit Examination. 

I I Check Examination Answers. 
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STACK OPERATIONS 

In computer jargon, a stack is a group of temporary storage locations in 
which data can be stored and later retrieved. In this regard, a stack is 
somewhat like memory. In fact, many microprocessors use a section of 
memory as a stack. The difference between a stack and other forms of 
memory is the method by which the data is accessed or addressed. The 
discussion will begin by considering a simple stack arrangement used in 
some microprocessors. Then the more sophisticated stack arrangement 
used by the 6800 MPU will be discussed. 



TOP OF 
STACK 



TO/FROM 
ACCUMULATOR 

A 

DATA PATH 



L_ 



EIGHT 
REGIS TER< 
STACK 



Figure 6-1. 
A cascade stack. 



Cascade Stack 

Some microprocessors have a special group of registers (usually 8 or 16) 
called a cascade stack. Each register can hold one 8-bit byte of data. 
Because these registers are right on the MPU chip, they make excellent 
temporary storage locations. If we need to free the accumulator for some 
reason, we can store its contents in the stack. Later, if that piece of data is 
needed again, we can retrieve the data from the stack. Of course, we could 
also have freed the accumulator by storing the data in memory. What then 
is the advantage of the stack? 

One advantage of the stack is the method by which it is accessed or 
addressed. Recall that when a byte is stored in memory, an address is 
required. That is to store the contents of the accumulator in memory a 
2-byte or 3-byte instruction is required. Depending on the addressing 
mode, the last one or two bytes is the address. Later, if the byte is 
retrieved, another instruction is required that also has an address. 

An advantage of the stack is that data can be stored into it or read from it 
with single-byte instructions. That is, the instructions used with the stack 
do not require an address. Therefore, they are single-byte instructions. 

Figure 6-1 shows an 8-register stack similar to that found in some micro- 
processors. This is called a cascade stack because of the method by which 
data is loaded and retrieved. All data transfers are between the top of the 
stack and the accumulator. That is, the accumulator communicates only 
with the top location on the stack. Data is transferred to the stack by a 
special instruction called PUSH. 
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The PUSH Instruction. Figure 6-2 illustrates how the PUSH instruction 
places data in the stack. The number 01 16 is in the accumulator and we 
wish to temporarily store it. While we could store the number in memory, 
this would require a 2-byte or a 3-byte instruction. So instead, we use the 
PUSH instruction to place this number in the stack. Notice that the 
number is placed in the top location of the stack as shown in Figure 6-2A. 
The number remains there until we retrieve it or until we push another 
byte into the stack. 

Figure 6-2B shows what happens if, at some time later, we push another 
byte into the stack. Notice that the accumulator now contains 03 16 . If the 
PUSH instruction is executed, the contents of the accumulator are 
pushed into the top of the stack. To make room for this new number, the 
original number 01 16 is pushed deeper into the stack. 

Figures 6-2C and 6-2D show two more numbers being pushed into the 
stack at later points in the program. Notice that new data is always 
pushed into the top of the stack. To make room for the new data, the old 
data is pushed deeper into the stack. For this reason, this arrangement is 
often called a push-down or cascade stack. The name cascade stack 
comes from the characteristic cascading of data down through the stack 
as each new byte is pushed in at the top. 



ACCUMULATOR 

loWoWo'il 



lo'o'o'o'o'o'o'il 




ACCUMULATOR 

loWo'o'oYT] 



oOToWTil 



lo'o'o'oVo'o'il 



ACCUMULATOR 

|o l o l o l o'o'i l i T n 




ACCUMULATOR 



lo'o'o'oYi Yi| 



o'o'o'o'o'-i'm 
IoVoWoYiI 
lo'o'o'o o'o'o'il [o 



oVo'iYi 1 ;! 



oWoYiM 



o'o'oVoYil 



o'o'oo'o'o'il y 

{J 



I 



■Vii.. .rti«ni-. n-'--nrh rirYr- 1 



1 



I 




Figure 6-2. 
Pushing data into the stack. 
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The PULL Instruction. The MPU retrieves data from the stack by using 
the PULL instruction. In some microprocessors, this is referred to as a 
POP instruction. 

Figure 6-3 illustrates how data can be pulled (or popped) from the stack. 
Figure 6-3A shows the stack as it appeared after the last push operation. 
Notice that it contains four bytes of data. The last byte of data that was 
entered is at the top of the stack. 



The PULL instruction retrieves the byte that is at the top of the stack. As 
this byte is removed from the stack, all other bytes move up, filling in the 
space left by that byte. Figure 6-3B illustrates how OF 16 is pulled from the 
stack. Notice that 07 16 is now at the top of the stack. 

Figures 6-3C and 6-3D show how the next two bytes can be pulled from 
the stack. In each case, the remaining bytes move up in the stack, filling in 
the register vacated by the removed byte. 

If you compare Figures 6-2 and 6-3 , you will notice that the data must be 
pulled from the stack in the reverse order. That is, the last byte pushed 
into the stack is the first byte that is pulled from the stack. Another name 
for this arrangement is a last-in/first-out (LIFO) stack. 
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Figure 6-3. 
Pulling data from the stack. 
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While a cascade stack is valuable, it does have some limitations. For one 
thing, the number of registers is generally quite limited, with eight being 
typical. If more than eight pieces of data are pushed into the stack, the 
"older" bytes are pushed out the bottom and are lost. Also, the readout of 
the stack is destructive. When a byte is pulled from the stack, it no longer 
exists in the stack. This is fundamentally different from reading a byte 
from memory. 

Because of these limitations the 6800 MPU does not use a cascade stack. 
Instead, a section of RAM can be set aside by the programmer to act as a 
stack. This has several advantages. First, the stack can be any length that 
the programmer requires. Second, the programmer can set up more than 
one stack if he likes. Third he can address the data in the stack using any 
of the instructions that address memory. 

Stack Pointer. Recall that the 6800 MPU has a 16-bit register called the 
stack pointer. In a memory-type stack, the stack pointer defines the 
memory location that acts as the top of the stack. 

The cascade stack considered earlier generally does not require a stack 
pointer. The top of the stack is determined by hardware. During push and 
pull operations, the data bytes actually move from one register to another. 
That is, the top of the stack remains stationary and the data moves up or 
down in relation to the stack. 

In the memory stack, data cannot be easily transferred from one location 
to the next. Therefore, instead of moving data up and down in relation to 
the stack, it is much easier to move the top of the stack in relation to the 
data. 

Generally, when the microprocessor-based system is being planned, a 
section of RAM is reserved for the stack. This should be a section of RAM 
that is not being used for any other purpose. 

Once this is done, the stack can be set up by a program. The top of the 
stack is established by loading an address into the stack pointer. For 
example, suppose we wish to establish address 01F9 16 as the top of the 
stack. The following instruction could be used: 



LDS# 
01 
F9 



6-10 
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This loads the address 01F9 16 into the stack pointer and establishes that 
address as the top of the stack. However, as you will see, the top of the 
stack moves each time data is pushed into — or pulled from — the stack. 

The PUSH Instructions. The 6800 MPU has two push instructions, PSHA 
and PSHB. These single-byte instructions push the contents of their 
respective accumulator onto the stack. 

Figure 6-4 shows the effects of the PSHA instruction. Before the instruc- 
tion is executed, the stack pointer contains the address 0lF9 16 as a result 
of a previous LDS instruction. Accumulator A contains a data byte ( AA 16 ) . 
If the PSHA instruction is now executed, the contents of accumulator A 
are pushed into memory location 0lF9 16 . Then, the stack pointer is 
automatically decremented to 0lF8 16 . This automatically moves the top 
of the stack as shown. 



Figure 6-4. 
Executing the PSHA instruc- 
tion. 



STACK POINTER 



MPU 



RAM 



0 1 F 9 



I A A 1 _ 

ACCUMULATOR A 



STACK POINTER 
0 1 F 8 



I A A 1 

ACCUMULATOR A 



(A) 



BEFORE 



A A 



(B) 



AFTER 



01F5 
01F6 
01F7 

01F8 top OF 
01F9— 5TACK 

OlFA 
OIFB 



01F5 
01F6 

01 F7 TOP OF 

01 F8— stack 
01F9 
0 1 FA 
OIFB 



If you look at your Instruction Set Summary card, you will see that the 
operation is described as follows: 

A -* M 5P , SP - 1 -* SP 

This means that the contents of the A accumulator are transferred to the 
memory location specified by the stack pointer. Also, the contents of the 
stack pointer are replaced by the previous contents of the stack pointer 
minus one. In other words, after the accumulator-to-stack transfer takes 
place, the stack pointer is decremented by one. 
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To reinforce the idea, assume that at some later point in the program, the 
MPU executes a PSHB instruction. This is illustrated in Figure 6-5. Before 
PSHB is executed, the B accumulator contains BB 16 and the stack pointer 
is still pointing to 01F8 16 . When PSHB is executed, the contents of 
accumulator B are pushed onto the stack and the stack pointer is de- 
cremented to 01F7 16 . 

The PULL Instructions. Data bytes are removed from the stack with the 
pull instruction. The 6800 MPU has two pull instructions. PULA allows 
the MPU to pull data from the stack into the A accumulator. PULB 
performs a similar operation except the data byte goes into accumulator 
B. In each case, data is pulled from the top of the stack. Thus, the data byte 
available to the MPU is the last byte that was placed in the stack. 



STACK POINTER 



MPU 



B B 



ACCUMULATOR B 



STACK POINTER 
0 1 F 7 



B B 



ACCUMULATOR B 



RAM 



0 1 F 8 



A A 



(A) 



BEFORE 



B B 
A A 



(B) 



AFTER 



01F5 
01F6 

0 1 F7 TOP OF 
01 F8— STACK 

01F9 
01 FA 
01FB 



01F5 

01F6 TOP OF 
01 F7-*- STACK 

01F8 
01F9 
01FA 
01FB 



Figure 6-5. 

Executing the PSHB instruc- 
tion. 
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For example, Figure 6-6A shows the stack as we left it after the last push 
instruction. Figure 6-6B shows what happens if the PULA instruction is 
executed. First, the stack pointer is automatically incremented by one to 
01F8 16 . Then the contents of the memory location designated by the stack 
pointer are transferred to accumulator A. Thus, BB 16 goes into ac- 
cumulator A. Notice that the stack pointer is incremented before the byte 
is pulled from the stack. 

To be certain you have the idea, consider what happens if the PULB 
instruction is now executed. Figure 6-6C shows that the stack pointer is 
automatically incremented to 0lF9 16 . The contents of that location are 
then pulled into accumulator B. This operation is described on your 
Instruction Set Summary card as: 

SP -f 1 — SP, M SP ^ B . 



sp | o i f 7 \ 



ACCBUm 

A. 



B B 



A A 



mm. 



01F5 

0IF6 

01F7- 
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01F9 

01 FA 

01FB 



SP 0 1 F 8 



ACCA| B~~B~ 



B. PULA FXECUTED 



B B 



A A 



01F5 

01F6 

01F7 
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01F9 

01 FA 

01FB 



SP 0 1 F 9 



ACCA B B 



ACCB 1 A A 1 

C. PULB EXECUTED 



mm 



B B 



A A 



01F5 

01F6 

01F7 

01F8 

01F9- 

01 FA 

01FB 



Figure 6-6. 

Executing PULL instructions. 
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Using the Stack. Figure 6-7 summarizes all of the instructions that di- 
rectly affect stack operations. The push and pull instructions were intro- 
duced in this unit while the other instructions were discussed briefly in 
the previous unit. Find these instructions on your Instruction Set Sum- 
mary card. The push and pull instructions are listed with the Ac- 
cumulator and Memory Operations. Those instructions that affect the 
stack pointer are listed under Index Register and Stack Pointer Opera- 
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Pull Data 
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SP + 1 — SP, M s , — B 




Decrement Stack Pntr 
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4 


1 
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Increment Stack Pntr 
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31 


4 


1 


SP + 1 SP 
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2 
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Indx Reg — Stack Pntr 


TXS 
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4 
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X - 1 — SP 




Stack Pntr -» Indx Reg 


TSX 


























30 


4 


1 


SP + 1 — X 



Following are some examples of how the stack can be used. First consider 
a trivial example. Using only stack operations, swap the contents of 
accumulators A and B. Assuming the stack pointer has already been set 
up, the program segment might look like this: 



Figure 6-7. 
Stack and stack pointer in- 
structions. 



PSHA 
PSHB 
PULA 
PULB 



Assume that accumulator A initially contains AA 16 and that accumulator 
B contains BB 16 . The first instruction pushes AA 16 onto the stack. Next 
BB 16 is pushed onto the stack. The third instruction pulls BB 16 from the 
top of the stack and places it in accumulator A. Finally, the last instruc- 
tion pulls AA 16 from the stack and places it in accumulator B. As you can 
see, the contents of the two accumulators are reversed. The following 
routine accomplishes the same thing with one less instruction: 



PSHA 
TBA 
PULB 
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Now look at a more complex example. Assume that you wish to transfer 
16 10 bytes of data from one place in memory to another. As you saw in the 
previous unit, this type of problem is a good candidate for indexing. 
However, indexing alone becomes cumbersome if the two lists are over 
FF 16 memory locations apart. The reason for this is that the offset address 
can only extend FF 16 locations above the address in the index register. 

In this example, assume you wish to move the data in memory locations 
0010 16 through 001F 16 to locations 01F0 16 to 01FF 16 . While this could be 
accomplished using indexing alone, the program becomes unnecessarily 
complicated. Two separate indexes must be maintained; one for loading 
data from 0010 16 through 001F 16 , the other for storing data in 01F0 16 
through 01FF 16 . A simpler approach is to use indexing for one operation 
and the stack capability for the other operation. That is, we could load 
data from the lower list using indexing and store it in the upper list using 
the stack capability. 



Figure 6-8. 
Moving a list of data using both 
indexing and stack operations. 



A program that does this is shown in Figure 6-8. The first instruction 
loads the stack pointer with address 01FF 16 . This is the address of the last 
entry in the new list that will be formed. Recall that the new list is to be 
written in locations 01F0 16 through 01FF 16 . Once location 01FF 16 is estab- 
lished as the top of the stack, we can enter data into the new list simply by 
pushing data onto the stack. Because the stack pointer is decremented 
with each push operation, we must push the last entry in the list onto the 
stack first. 



HEX 


HEX 


MNEMONICS/ 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS 




0020 


8E 


LDS# 


Load the stack pointer immediately with the 


0021 


01 


01 


address of the last entry m the 


0022 


FF 


FF 


new list. 


0023 


CE 


LDX# 


Load the index register immediately with the 


0024 


00 


00 


address of the last entry in the 


0025 


1F 




B 1F 


original list. 


0026 


A6 




LDAA X 


Load accumulator A indexed 'rom 


0027 


00 




00 


the original list. 


0028 


36 




PSHA 


Push the contents of accumulator A into the new list. 


0029 


09 




DEX 


Decrement the index register. ; 


002A 


8C 




CPX# 


Compare the contents of the index register 


0028 


00 




00 


with one less than the address of the 


002C 


OF 




OF 


first entry in the original list. 


002D 


26 




BNE 


If no match occurs, branch back 


002E 


F7 






this far. 


002F 


3E 


WAI 


Otherwise, wait. 



The second instruction loads the index register with the address of the 
last entry in the original list. This is necessary for the reason pointed out 
above. 



Next, the A accumulator is loaded using indexed addressing. Since the 
offset address is 00 16 , the accumulator is loaded with the contents of 
001F 16 . That is, the last entry in the original list is loaded into ac- 
cumulator A. 
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The PSHA instruction then pushes the contents of accumulator A onto 
the stack. Thus, the last entry in the original list is transferred to location 
01FF 16 . In the process, the stack pointer is automatically decremented to 
01FE 16 . 

The index register is decremented to 001E 16 by the next instruction. Then, 
the CPX instruction compares the index register with 000F 16 to see if all 
entries in the list have been moved. If no match occurs, the MPU branches 
back and picks up the next entry in the list. The loop is repeated over and 
over again until the entire list has been moved to its new location. 

Other uses of the stack will be revealed later. However, even if the stack 
did nothing more than has already been explained, it would be a very 
useful capability to have. But as you will see, the MPU uses the stack in 
several other ways that makes this capability even more important. 



Self-Test Review 

1. What is a stack? 

2. What is a cascade stack? 

3. What is a memory stack? 

4. Which type of stack does the 6800 MPU use? 

5. What is the name of the instruction that stores data in the stack? 

6. What type of instruction is used to retrieve data from the stack? 

7. What is the purpose of the stack pointer? 

8. The PUSH instruction transfers data from one of the accumulators 
to 

9. The PULB instruction transfers data from the top of the stack to 



10. Refer to Figure 6-8. How can we change this program so that the 
new list is placed in addresses 0220 16 through 022F? 
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Answers 

1. A stack is a group of registers or a section of memory that is used as 
a last-in, first-out memory. 

2. A cascade stack is a group of hardware registers (usually 16 or less) 
that is used as a last-in, first-out memory. 

3. A memory stack uses a section of RAM as a last-in, first-out mem- 
ory. 

4. A memory stack 

5. PUSH 

6. PULL 

7. The stack pointer indicates the address of the top of the stack. 

8. The top of the stack. 

9. Accumulator B. 

10. By changing the first instruction to: LDS# 022F 16 . 
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SUBROUTINES 

A subroutine is a group of instructions that performs some limited but 
frequently required task. A given subroutine may be used many times 
during the execution of the main program. In many cases, the easiest way 
to write a program is to break the overall job down into many simple 
operations, each of which can be performed by a subroutine. 

Because subroutines are used so frequently, most microprocessors have 
special capabilities that allow them to handle subroutines efficiently. In 
this section, these capabilities will be examined. The discussion will start 
with the instructions associated with subroutines. 

The 6800 MPU has three instructions that are used to handle subroutines. 
They are: 

Jump to Subroutine (JSR) 
Branch to Subroutine (BSR) 
Return from Subroutine (RTS) 

Each of these will be discussed in this section. One other instruction that 
has not yet been mentioned will also be discussed. It is the Jump (JMP) 
instruction. While not used exclusively with subroutines, the JMP in- 
struction makes an excellent introduction to the Jump to Subroutine (JSR) 
instruction. Therefore, the Jump (JMP) instruction will be discussed first. 

Jump (JMP) Instruction 

This instruction allows the MPU to jump from one point in a program to 
another. In this respect, it is somewhat like the Branch Always (BRA) 
instruction that was discussed earlier. The difference is the method of 
addressing used. Recall that the BRA instruction used relative address- 
ing. This has the advantage that only a 2 -byte instruction is required. Its 
disadvantage is that the branch must be within the range of - 128 bytes to 
+ 127 bytes of the program count. 
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nmr-m 



ADDRESS 

F C 0 0i 6 



FFE 0i6 





MEMORY 


































JMP 


F C 





Figure 6-9. 
Format of the JMP instruction 
using extended addressing. 

The JMP instruction can use either the indexed or the extended address- 
ing mode. It does not use relative addressing. When using extended 
addressing, the format of the JMP instruction is as shown in Figure 6-9. 
Three bytes are required; the opcode followed by the 2-byte address to 
which the MPU is to jump. Since a 16-bit address is given, the jump may 
be to any point in the 65,536 10 byte memory range. This address is loaded 
into the program counter so that the next opcode is fetched from that 
address. The previous contents of the program counter are lost. Thus, the 
MPU starts executing instructions from a new point in memory. 



v PROGRAM TO BE 
r REPEATED 



J 



Figure 6-10. 
Using the JMP instruction to 
repeat a program. 



An example of how the JMP instruction can be used is shown in Figure 
6-10. Here, a long program is to be repeated over and over again. This is 
typical of applications such as controllers that repeat the same operations 
endlessly. The program is contained in the upper lk bytes of memory. It 
starts at location FC00 lfi and ends at FFE0 16 . Notice that the last instruc- 
tion is JMP FC00 16 . This sends the program back to its beginning so that 
the loop is repeated endlessly. 



MEMORY 



ADDRESS 



MEMORY 



ADDRESS 
0 0 7 0 
0 0 7 1 
0 0 7 2 
0 0 7 3 



MA I N 
PROGRAM 



JMP 



AO 



00 




SUBROUTINE 



Figure 6-11. 
Using the JMP instruction to 
call a subroutine. 
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Another possible use of the JMP instruction is shown in Figure 6-11. 
Here, the main program is in the lower memory locations shown on the 
left. The main program requires a subroutine that is up at address A000 
(shown on the right) . The JMP instruction at address 0070 sends the MPU 
off to the subroutine as shown. The last instruction in the subroutine is 
another JMP instruction that sends the MPU back to the main program. 

Jumping to a subroutine is often referred to as calling a subroutine. While 
we can call a subroutine using the JMP instruction, this approach has a 
distinct problem. What happens if the main program wants to call the 
same subroutine more than once? That is, suppose a situation like that 
shown in Figure 6-12 is required. Here, the main program (on the left) 
wishes to call the subroutine (on the right) at two separate points. Jump- 
ing to the subroutine is no problem. We can do that as many times as we 
like, using the instruction JMP A000. The problem is: how do we get back 
from the subroutine to the main program? The first time through the 
subroutine, the MPU should return to address 0073. The second time 
through, the MPU should return to address 0093. 

A programmer could get around this problem by changing the last in- 
struction in the subroutine before each call or by constructing a table of 
return addresses, etc. However, most microprocessors have some instruc- 
tions that solve this problem for us. The following section will discuss the 
6800 MPU's solution to this problem. 



MEMORY 




Figure 6-12. 

The JMP instruction cannot 
handle situations like this one. 
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JSR and RTS Instructions 

If you refer to Figure 6-12 again, you will see that this problem arises 
because the old program count is not saved when the MPU jumps from 
one location to the next. However, the 6800 MPU has an instruction that 
will not only jump to a subroutine, it will also cause the old program 
count to be stored away. This instruction is called the Jump to Subroutine 
(JSR) instruction. Its format is exactly the same as the JMP instruction but 
its execution is different. 

Figure 6-13 shows how the earlier problem can be solved using the JSR 
instruction. Notice that the two JMP instructions in the main program 
have been replaced by JSR instructions. Notice also that the last instruc- 
tion in the subroutine is a Return from Subroutine (RTS) instruction. 
These new instructions ease the problem of calling the subroutine. 



MEMORY 

ADDRESS 
0 0 7 0 
0 0 7 1 
0 0 7 2 
0 0 7 3 



MAIN 
PROGRAM 



0 0 9 0 

0 0 9 1 

0 0 9 2 

0 0 9 3 




Figure 6-13. 
The JSR and RTS instructions 
can be used to handle this situ- 



ation. 
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When the first JSR instruction is executed, the subroutine address A000 16 
is placed in the program counter. However, just prior to this, the program 
counter was incremented to the address of the next instruction in se- 
quence. That is, the program counter was advanced to 0073 16 while the 
contents of address 0072 16 were being retrieved. This count (0073 16 ) is 
automatically pushed onto the stack. By saving the old program count, 
the MPU can tell where to return after the subroutine is finished. As soon 
as the old program count is tucked away safely in the stack, the sub- 
routine address A000 16 is placed in the program counter. Thus, the MPU 
fetches the next instruction from address A000 16 . 

Notice that the last instruction in the subroutine is an RTS instruction. 
When the MPU encounters this single-byte instruction, it will jump back 
to the point where it left off in the main program. It does this by pulling 
the old program count (0073 16 ) from the stack and placing it in the 
program counter. Consequently, the next instruction will be fetched from 
Address 0073 J6 . As you can see, this returns the MPU to the correct point 
in the main program. 

Notice that the programmer does not specify a return address at the end of 
the subroutine. The return address is automatically pulled from the stack. 
This allows us to call the subroutine repeatedly from several different 
points in the main program. 

Figure 6-13 shows that the subroutine is called again by the JSR A000 
instruction in location 0090 16 . As this instruction and address are de- 
coded, the program count is incremented to 0093 16 . This program count is 
pushed onto the stack. Then A000 16 is placed in the program counter. 
Thus, the MPU jumps off to the subroutine. When the subroutine is 
finished, the RTS instruction causes the old program count to be pulled 
from the stack into the program counter. This causes the MPU to jump 
back to address 0093 16 which contains the next instruction in the main 
program. 
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Nested Subroutines 

Figure 6-14 shows a situation in which the main program calls sub- 
routine A. In turn, subroutine A calls subroutine B. In this situation, 
subroutine B is called a nested subroutine. That is, a nested subroutine is 
a program segment that is called by another subroutine. If control is to be 
eventually returned to the main program, two program counts must be 
saved. Figure 6-14 shows how the two program counts are saved in the 
stack. 

At the start of the main program, the stack pointer is loaded with the 
address of the area in memory that has been set aside to act as the stack. If 
no stack instructions have been executed when the main program arrives 
at the first JSR instruction, the stack pointer will still be pointing to where 
it was originally set. The contents of the stack are of no interest until this 
point. 




Figure 6-14. 
Handling nested subroutines. 
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When the main program reaches the JSR instruction, the program count is 
advanced to the address of the next instruction in sequence (008 A 16 ). 
When the JSR instruction is executed, this address (008A 16 ) is pushed 
onto the stack as shown. The low order byte goes in first, followed by the 
high order byte. In the process, the stack pointer is decremented twice. 
Finally, the new address (C000 16 ) is placed in the program counter. This 
causes the MPU to jump off to subroutine A which starts at C000 16 . 

Notice that halfway through subroutine A, subroutine B is called. Con- 
sequently, the return address in subroutine A (C006 16 ) must be saved. 
That is, when the program reaches the JSR instruction in subroutine A, 
the return address (C006 16 ) is pushed onto the stack as shown. Notice that 
there are now two return addresses in the stack. The starting address of 
subroutine B (F000 16 ) is then placed in the program counter and the MPU 
jumps off to this subroutine. 

Subroutine B has no nested subroutines of its own, so the program flow is 
through the subroutine as shown. The last instruction in subroutine B is 
the RTS instruction. At this point, the MPU pulls the return address 
(C006 16 ) from the top of the stack and places it in the program counter. 
This causes the MPU to jump back to the instruction at address C006 16 in 
subroutine A. 

The remainder of subroutine A is then executed down to the RTS instruc- 
tion. This instruction causes the MPU to pull the next address (008A 16 ) 
from the stack and place it in the program counter. Notice that this sends 
the MPU back to the main program. 

For simplicity, a single level of subroutine nesting is shown in this 
example. However, in practice, many levels of nesting may be used. For 
example, subroutine B could call subroutine C; etc. Any level of nesting 
can be used as long as enough memory is set aside for the stack. Re- 
member, each return address requires two bytes in the stack. 

Branch to Subroutine (BSR) Instruction 

Quite often, the subroutine we wish to call is within the -128 10 to +127 10 
byte range of the relative address. When it is, we can save one byte by 
using the Branch to Subroutine (BSR) instruction. The execution of BSR 
is identical to that of JSR except that relative addressing is used. The old 
program count is saved in the stack before the branch occurs. Thus, the 
RTS instruction at the end of the subroutine will cause the old program 
count to be restored. 
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Summary of Subroutine Instructions 

Figure 6-15 shows the four instructions discussed in this section. Notice 
that the BSR instruction uses relative addressing. The JMP and JSR 
instructions can use either indexed or extended addressing. The RTS 
instruction uses inherent addressing since its address is pulled from the 
top of fhe stack. 

Find these instructions on your Instruction Set Summary card. The 
operations performed by these instructions are illustrated under "Special 
Operations" on the back of the card. Also, Appendix A of this course 
gives a concise description of the operations performed by each of these 
instructions. 
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Figure 6-15. 
Subroutine and jump instruc- 
tions. 
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Self-Test Review 

11. What is a subroutine? 

12. What addressing modes can the JMP instruction use? 

13. How does the JMP instruction differ from the BRA instruction? 

14. How does the execution of the JSR instruction differ from that of the 
JMP instruction? 

15. Why is the program count saved when the JSR or BSR instructions 
are executed? 

16. Where is the program count saved? 

17. How is the stack pointer affected by the JSR instruction? 

18. Generally, the last instruction in the subroutine will be a 
instruction. 

19. What is a nested subroutine? 

20. How is the stack pointer affected by the RTS instruction? 
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Answers 

11. A subroutine is a group of instructions that performs some specific, 
limited task that is used more than once by the main program. 

12. Indexed and extended. 

13. Since the BRA instruction uses relative addressing, it can branch 
only in a -128 10 to +127 10 byte range. The JMP instruction uses 
indexed or extended addressing. Therefore, it can jump to any 
point in memory. 

14. When the JSR instruction is executed, the program count is saved 
in the stack. 

1 5. The program count is saved so that when the subroutine is finished, 
the MPU can return to the point it left off. 

16. The program count is pushed into the top two locations of the stack. 

17. The stack pointer is automatically decremented twice as the pro- 
gram count is pushed onto the stack. 

18. Return from Subroutine (RTS). 

19. When subroutine A calls subroutine B, subroutine B is said to be 
nested. 

20. The stack pointer is automatically incremented twice as the old 
program count is pulled from the stack. 



HEATHK1T 

CONTINUING 
EDUCATION 



The 6800 Microprocessor — Part 2 6-27 



INPUT — OUTPUT (I/O) OPERATIONS 

A full explanation of input-output (I/O) operations will be given in the 
next units, but a brief introduction to I/O is necessary at this point. In this 
section, you will learn what is involved in sending data to — or taking 
data from — the MPU. 

To be useful, a microprocessor system must accept data from the outside 
world, process it in some way, and present results to the outside world. 
The input device may be nothing more than a group of switches while the 
output device can be as simple as a bank of indicator lamps. On the other 
hand, a single microprocessor might handle several teletypewriters, 
printers, papertape machines, etc. The point is that the I/O requirements 
can vary greatly from one application to the next. This section will be 
concerned with the simplest form of I/O operations. 

In the short history of microprocessors, two distinctly different methods 
have been developed for handling I/O operations. In some microproces- 
sors, I/O operations are handled by I/O instructions. These microproces- 
sors generally have one input instruction and one output instruction. 
When the input instruction is executed, a byte is transferred from the 
selected I/O device to a register (usually one of the accumulators) in the 
MPU. The I/O device is selected by sending out a device selection byte on 
the address bus. By using an 8-bit byte for device selection, the MPU can 
specify up to 256 10 different I/O devices. Of course, no microprocessor 
system uses that many devices, but the capability is there. The output 
instruction causes a data transfer from the accumulator to the selected I/O 
device. While this method of handling I/O operations is used in many 
microprocessors, the 6800 MPU uses a different technique. 

The other method for handling I/O operations is to treat all I/O transfers as 
memory transfers. This is the method used by the 6800 MPU and many 
other microprocessors. In fact, even those microprocessors that have I/O 
instructions can ignore those instructions and handle I/O operations as 
memory transfers. 

The 6800 MPU has no I/O instructions. An I/O device is assigned an 
address and is treated as a memory location. For example, assume that an 
input keyboard has been assigned an address of 8000 16 . We can input data 
into accumulator A by using the instruction: 



LDAA 8000 
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By the same token, an output display may have been assigned the address 
9000 16 . In this case, we can output from accumulator B by using the 
instruction: 

STAB 9000 16 . 



As you can see, the I/O device is treated as a memory location. The system 
block diagram shown in Figure 6-16 shows how an I/O device is con- 
nected to the microcomputer. Notice that both the data bus and the 
address bus connect to the I/O interface. As you will see in the next unit, 
the interface can consist of an address decoder, an output or input latch, 
and buffers or drivers. 



MICRO- 



Figure 6-16. 
Adding I/O to the mi- 
crocomputer. 




I/O 
DEVICE 



The address decoder monitors the address bus and enables the interface 
circuitry whenever the proper address is detected. This prevents the I/O 
interface from interfering when data is being transferred between mem- 
ory and the MPU. 

The I/O interface will generally have an output latch if it is to be used for 
an output operation. The reason for this is that the data from the MPU will 
appear on the data lines for only an instant (usually less than one mi- 
crosecond). By storing the output data in a latch, the I/O device is given a 
much longer period of time to examine and respond to the data. 

Buffers or drivers are also included in the I/O interface. As you will see 
later, these are frequently necessary when several different circuits are 
sharing the same bus. 
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Output Operations 



Figure 6-17 shows a simplified output circuit. Here, the output device is a 
bank of eight light emitting diodes (LEDs). Enough detail is shown to 
illustrate how an output operation can be performed. The address de- 
coder monitors the address bus, looking for the address 9000 16 . It also 
monitors some of the control lines that connect to the MPU. One of those 
lines is called a read-write line. It goes to its low state when a write 
(output) operation is initiated by the MPU. The other control lines will be 
discussed in the next unit. Q+v 
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Figure 6-17. 
Simplified output circuit. 



Notice that the output of the address decoder is used to enable the output 
data latch and drivers. When these are enabled, the byte on the data lines 
is stored in the latch. The data bits stored in the latch cause the appro- 
priate LEDs to light up. By outputting appropriate bit patterns, the MPU 
can cause different binary numbers to be displayed. 

Notice that the address decoder (and therefore the display) is given the 
address 9000 16 . We can output data to the display in several different 
ways. For example, we can load the appropriate pattern to be displayed 
into accumulator A. Then by executing a "store accumulator A" ex- 
tended instruction, we can transfer the contents of the accumulator to the 
display. The instruction would be: STAA 9000 16 . Or, we could output 
data from accumulator B by using the instruction: STAB 9000 16 . 
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In either case, the address 9000 16 goes out on the address bus for a brief 
interval of time. The address decoder recognizes this address. At the 
same time, the control lines indicate that an output operation is called for. 
In particular, the read-write line goes low. This causes the address de- 
coder to enable the output data latch for an instant. Simultaneously, the 
8-bit data byte appears on the data bus. The output latch stores the data 
byte. The data appears at the input of the latch for less than a microsecond 
(typically). However, once the data is stored, it appears at the output of 
the latch until new data is written in. Thus, the output data will be 
displayed until the next byte of data is outputted by the MPU. 
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Figure 6-18. 

Simplified input circuit. 



Input Operations 

Figure 6-18 shows a simplified input circuit. Here, the input device is a 
bank of eight switches. When a switch is open, its respective input line to 
the buffer is held high by the pull-up resistors. However, when a switch is 
closed, its respective input line is pulled low because the switch connects 
it to ground. 



In this simple circuit, no latch is required between the switches and the 
data bus. However, a buffer is used so that the switch bank can be 
effectively disconnected from the data bus when the switches are not 
being addressed. 

As with the output circuit, an address decoder monitors the address and 
control lines. Notice that the assigned address is 8000 16 . To input data 
from the switch bank to accumulator A, we use the instruction: LDAA 
8000 16 .Or, we could input the data to accumulator B by using the instruc- 
tion: LDAB 8000 16 . 
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In either case, the address 8000 16 is placed on the address line. The 
address decoder recognizes this address and enables the buffer. For a 
brief interval (typically less than one microsecond), the lines of the data 
bus assume the same state as the lines on the right side of the buffer. If no 
switch is depressed, all data lines will be high and all l's (FF 16 ) will be 
loaded into the accumulator. However, if one of the switches (S 0 , for 
example) is depressed, its respective data line (D 0 ) will be low. In this 
case, the number read into the accumulator will be FE 16 . By examining 
the byte that is read in, the MPU can determine which switch is de- 
pressed. 



Input — Output Programming 

You now know enough about simple input/output circuits to perform 
some I/O operations. Refer to Figures 6-17 and 6-18. For the first example, 
assume that you would like one of the LEDs to light when the correspond- 
ing switch is pushed. That is, LED 0 should light when S 0 is pushed; LED a 
should light when S! is pushed, etc. 

If you refer to Figure 6-17, you will see that an LED is caused to light by 
placing a 0 in the proper bit in the latch. For example, a 0 in bit 0 will 
cause LED 0 to be forward biased. Thus, the diode will conduct and emit 
light. Notice that a 1 at bit 0 will not allow the diode to conduct and emit 
light. Consequently, a 0 turns the LED on and a 1 turns it off. 

Refer to Figure 6-18, and you will find that, when one of the switches is 
closed, its corresponding line goes to 0. If the switch is not closed, its 
corresponding line is at 1. 

If we load data into one of the accumulators from address 8000 16 and then 
store the data at address 9000 16 , the switches will appear to control the 
LED's. The program could look like this: 

► LDAA 

80 
00 
STAA 
90 
00 
BRA 
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If S 0 , and only S 0 , is closed when the LDAA 8000 instruction is executed, 
11111110 2 will be loaded into accumulator A. The next instruction stores 
this data byte in the output latch. This causes LED 0 , and only LED 0 , to 
light. The BRA instruction holds the MPU in a tight loop. Try a few 
examples and verify that each time a switch is closed, the corresponding 
LED will light. If the switches are set to some 8-bit binary number, the 
LED's will display that 8-bit number. 

Now, suppose we change our mind and decide that the LEDs should 
display the one's complement of the binary number set on the switches. 
We do not have to touch the hardware. Instead, we just change the 
program.The new program might look like this: 

►LDAA 

80 
00 
COMA 
STAA 
90 
00 
BRA 
F7 

Notice that we have simply inserted the one's complement instruction 
between the input and output operations. 

As another example, suppose we wish to display a number that is four 
times greater than the number set on the switches. Our program could be 
changed to this: 

| *-LDAA 

80 

00 
ASLA 
ASLA 
STAA 

90 

00 
BRA 
F6 



Once again, no hardware change is needed. We simply insert two ASLA 
instructions between the input and output operations. 
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Although these examples are very simple, they illustrate the flexibility of 
this I/O arrangement. Data is pulled from the input device as if it were 
being pulled from memory. Once in the MPU, the data byte can be 
modified in any way we like. The data can then be transferred to the 
output device as if it were being stored in memory. While the data is in the 
MPU, it can be modified in any number of ways. The input byte can be 
shifted left or right. It can be added to — or subtracted from — another 
number. It can be ANDed or ORed with another byte. The possibilities are 
endless and yet none of these involve a hardware change. All data 
manipulations can be accomplished by the program. 



Program Control of I/O Operations 

In the preceding examples, all I/O transfers are controlled by the program 
and the program alone. The program is in a tight loop that inputs data 
from the switches, modifies the data (if required), and outputs the data to 
the displays. 

When this arrangement is used, the MPU never knows if the data at the 
input has changed. It simply reads in the data a number of times each 
second. By the same token, the MPU outputs the data over and over again. 
This system works well for simple I/O operations. However, as the I/O 
requirements become more sophisticated, this technique becomes cum- 
bersome. 

The program must be in a loop if it is to repeatedly check for inputs and 
refresh the output. As the number of data manipulations increase, the 
loop becomes longer and the MPU must check the inputs less frequently. 
When several I/O devices are used, it must check each input and refresh 
each output repeatedly. If the loop becomes too long, the MPU may miss a 
momentary switch closure. This may be acceptable in some applications 
but in many others it may be intolerable. Obviously then, a more sophisti- 
cated method of handling I/O operations must be available to the mi- 
crocomputer. 
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Interrupt Control of I/O Operations 



A more effective way of handling I/O operations involves a concept 
called interrupts. Interrupts are a means by which an I/O device can 
notify the MPU that it is ready to send input data or to accept output data. 
Generally, when an interrupt occurs, the MPU suspends its current oper- 
ation and takes care of the interrupt. That is, it might read in or write out a 
byte of data. After it has taken care of the interrupt, the MPU returns to its 
original task and takes up where it left off. 

An analogy may help you to visualize an interrupt operation. Compare 
the MPU to the president of a corporation who is writing a report. The 
interrupt can be compared to a telephone call. The president's main task 
is the report. However, if the telephone rings (an interrupt), she finishes 
writing the present word or sentence then answers the phone call. After 
she has attended to the phone call, she returns to the report and takes up 
where she left off. In this analogy, the ringing of the telephone notifies the 
president of the interrupt request. 

This analogy shows the difficulty of the program controlled I/O 
technique discussed earlier. If we remove the interrupt request (the 
ringing of the phone), we are left with an almost comical situation. The 
president writes a few words of the report. She then picks up the phone to 
see if anyone is on the other end. If not, she hangs up the phone, writes a 
few more words, and checks the phone again. Clearly, this technique 
wastes an important resource — the president's time. 

This simple analogy shows the importance of an interrupt capability. 
Without it, a great deal of the MPU's time can be wasted doing routine 
operations. The next section will examine the interrupt capabilities of the 
6800 MPU. 
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Self-Test Review 

21. What are the two methods by which microprocessors handle I/O 
operations? 

22. Which method does the 6800 MPU use? 

23. Which instruction can be used for transferring data from an I/O 
device to accumulator A? 

24. Which instruction can be used for transferring data from ac- 
cumulator B to an I/O device. 

25. Write a program segment that will: read in data from the switch 
bank shown in Figure 6-18; double the number; and display the 
result on the LED bank shown in Figure 6-17. 

26. What is meant by program control of an I/O operation? 

27. What is meant by interrupt control of an I/O operation? 
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Answers 

21. Some microprocessors have input-output instructions; others treat 
I/O as memory. 

22. The 6800 MPU treats I/O as memory. 

23. LDAA 

24. STAB 

25. One solution is: 

LDAA 

80 

00 
ASLA 
STAA 

90 

00 



26. Using this method, the program regularly reads in or writes out 
data. All I/O operations are controlled by the program. 

27. Using this method, the I/O device itself signals the MPU that it is 
ready to transmit or receive data. The I/O operations are controlled 
largely by the I/O device itself. 
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INTERRUPTS 

Interrupts were introduced in the previous section in connection with I/O 
operations. While I/O operations use part of the interrupt capability of the 
MPU, interrupts are also used in other ways. The 6800 MPU has four 
different types of interrupts: 



Reset 

Non-Maskable Interrupt (NMI) 
Interrupt Request (IRQ) 
Software Interrupt (SWI) 

This section will examine each of these interrupts in detail. 

Reset 

In a typical application, the microcomputer has a control or monitor 
program in a read-only-memory (ROM). Also, a random access read- write 
memory (RAM) is used for holding input data, intermediate answers, 
output data, etc. As we have seen, the 6800 MPU has the capability of 
addressing up to 65,536 10 memory locations. Most microprocessor appli- 
cations do not require this much memory. In many applications, the 
control program requires less than ten percent of the possible locations. 
The RAM probably uses less than two percent. Generally, the monitor 
program is placed at the high memory addresses. The RAM is usually 
given the low memory addresses so that the direct addressing mode can 
be used. The I/O devices are given intermediate addresses. Thus, the 
memory addresses may be allocated as shown in Figure 6-19. 

Notice that the control or monitor program is placed in a ROM at the very 
top of memory. In this example, a 1024 10 byte ROM is used. The addresses 
of the ROM are FC00 16 through FFFF 16 . A small RAM is placed at the low 
end of memory. Addresses 0000 16 through 01FF 16 are used. Notice that all 
other addresses are unused except for two. The input device is assigned 
address 8000 16t while the output device is assigned address 9000 16 . 
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Figure 6-19. 
Memory allocations in a typi- 
cal microcomputer system. 



The monitor program stored in the ROM, controls all the activities of the 
MPU. At all times, the entire system is being run by this program. In this 
example, when the microprocessor is initially turned on, it should start 
executing instructions at address FC00 16 . Also, we should be able to 
restart the program at this address at any time. In order to accomplish 
this, the 6800 MPU has a built-in reset capability. 
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The 6800 MPU has a signal line or control pin that is called Reset. This 
pin or line is connected to a reset switch of some kind. If this line goes low 
for a prescribed period of time (to be explained later) and then swings 
high, the MPU will initiate a reset interrupt sequence. The main purpose 
of the reset interrupt sequence is to load the address of the first instruc- 
tion to be executed into the program counter. This would be easy to 
accomplish if, in every application, the starting address were the same. 
However, the starting address differs from one application to the next. 
Therefore, a convenient means is provided to allow the designer to 
specify any starting address that he likes. 

In any 6800 based microprocessor system, the upper eight bytes of ROM 
are reserved for interrupt vectors. An interrupt vector is simply an ad- 
dress that is loaded into the program counter when an interrupt occurs. 
Figure 6-20 shows how these eight reserved memory bytes are allocated. 
Notice that addresses FFFEi 6 and FFFF X6 contain the reset vector. That is, 
these two memory locations contain the address of the first instruction 
that is to be executed when the microcomputer is initially started. In our 
example, the first instruction in the monitor program is at address FC00 16 . 
Consequently, this is our reset vector. Location FFFE 16 must contain the 
high byte of the address (FC 16 ) and FFFF 16 must contain the low byte of 
the address (00 16 ). 

Remember locations FFFE 16 and FFFF 16 are in the read-only-memory. 
Therefore, the designer must provide the proper reset vector at the time 
he is writing the monitor program. 

Address 

Interrupt Request Vector 

(high order address) 
Interrupt Request Vector 

(low order address) 
Software Interrupt Vector 

(high order address) 
Software Interrupt Vector 
(low order address) 
N on- Maskable- Interrupt Vector 

(high order address) 
Non-Maskable-lnterrupt Vector 
(low order address) 

Reset Vector 
(high order address) 

Reset Vector 
(low order address) 



Figure 6-20. 
Interrupt vector assignments. 
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Figure 6-21 shows the sequence of events that occurs when the MPU is 
reset. First, the interrupt (I) mask bit is set You will recall that the I flag is 
one of the condition code registers. As you will see later, if this flag is set, 
it prevents one of the other interrupts from occurring. Thus, the MPU sets 
the interrupt mask bit so that the reset sequence will not be interrupted by 
a request for interrupt by one of the I/O devices. 
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Set Interrupt 
Mask Bit (I) 



I 



Load high byte 
of PC with 
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Figure 6-21. 

Reset interrupt sequence. 
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Second, the contents of location FFFE 16 are loaded into the high byte of 
the program counter. This is done by sending the address FFFE 16 out on 
the address bus. The memory location is read out and its contents are 
placed on the data bus. The MPU picks up this byte and places it in the 
upper eight bits of the program counter. In our example, the byte in 
location FFFE 16 is FC 16 . 

Next, the contents of location FFFF 16 are loaded into the lower eight bits 
of the program counter. This is done by setting the address bus to FFFF 16 . 
Thus, the contents of the highest memory location are placed on the data 
bus. In our example, this byte is 00 16 . At this point, the program counter 
contains the address of the first instruction which is FC00 16 . 



The reset sequence is then terminated by switching the MPU to its normal 
fetch-execute machine cycle. Thus, the instruction at address FC00 16 is 
fetched and executed. From this point on, all MPU activities are control- 
led by the program. 



n ,n I HEATHKIT 

6-40 UNIT SIX miCAVOH 



The microprocessor system will have a reset switch somewhere in the 
system. This will allow the operator to restart the system if the system 
locks up or runs away for some reason. In addition, some systems will 
have an automatic reset feature that will allow the system to reset itself 
after a power failure. In both cases, the reset capability of the MPU is used. 

This reset capability can be considered an interrupt, since the MPU 
leaves whatever it is doing and jumps off to the start of the monitor 
program. In most cases, the monitor program would start with a short 
subroutine that initializes the system. It would do things like set up the 
stack pointer, initialize displays, etc. 

Non-Maskable Interrupts 

The 6800 has two other types of hardware interrupts. One of these 
interrupts is maskable; the other is not. A maskable interrupt is one that 
the MPU can ignore under certain conditions. Whereas, a non-maskable 
interrupt cannot be ignored. To illustrate the difference, recall the corpo- 
ration president analogy. 

The president's report writing can be interrupted by the telephone. How- 
ever, by telling her secretary to hold all calls, she has effectively masked 
one source of interruptions. In this analogy it is impractical to mask all 
interrupts. For example, it could be counterproductive to mask the fire 
alarm. 

Somewhat the same situation can exist in a microprocessor controlled 
system. Some interrupts can be ignored for a few seconds while the MPU 
is performing a more important task. This type of interrupt can be 
masked. Others must not be ignored at all. These cannot be masked. Of 
course, it is up to the designer to decide which interrupts can be masked 
and which cannot. The 6800 MPU has provisions for handling both types. 
How the MPU handles the non-maskable type will be discussed first. 



The 6800 MPU has a control line called the non-maskable interrupt (NMI) 
line. A high-to-low transition on this line forces the MPU to initiate a 
non-maskable interrupt sequence. The purpose of this sequence is to 
provide an orderly means by which the MPU can jump off to a service 
routine that will take care of the interrupt. 

This becomes somewhat involved because the MPU must be able to go 
back to its main program after the interrupt service routine is finished. It 
must be able to pick up exactly where it left off. Furthermore, all registers 
must hold exactly the same data and addresses that they held when the 
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interrupt occurred. In other words, when an interrupt occurs, the pro- 
gram count must be saved so that the MPU can later return to this point in 
the program. Also, the contents of the accumulators, index register, and 
even the condition code registers must be saved so that the MPU can be 
restored to the exact condition that existed at the instant the interrupt 
occurred. 

The 6800 MPU accomplishes this by pushing all the pertinent data onto 
the stack. Then, after the interrupt has been serviced, the MPU returns to 
its previous status by pulling the data from the stack. 



The non-maskable interrupt sequence i s sho wn in Figure 6-22. A non- 
maskable interrupt is initiated when the NMI line goes from its high state 
to its low state. The MPU finishes the execution of the current instruction. 
However, before another instruction is fetched, the MPU pushes the 
contents of its registers onto the stack. Recall that the stack pointer always 
points to the top of the stack. For this example, assume that the stack 
pointer was set by an earlier instruction to address 0068 16 . 
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Figure 6-22. 
Non-maskable interrupt se- 
quence. 
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The MPU pushes the lower eight bits of the program counter into memory 
location 0068 16 . Then it decrements the stack pointer so that the upper 
eight bits of the program counter are pushed into address 0067 16 . Next, 
the contents of the index register are pushed into addresses 0066 16 and 
0065 16 . The contents of accumulators A and B and the condition codes are 
also pushed in as shown. When all this has been done, the stack pointer 
will have been decremented seven times to 0061 16 . 

Return to the flow chart and notice that the next step is to set the interrupt 
mask bit. This allows the MPU to ignore any interrupt requests that occur 
while the non-maskable interrupt is being serviced. 

At this point, the MPU is ready to jump to the interrupt service routine. 
But, what is the address of this routine? Recall the interrupt vector chart 
that was shown earlier in Figure 6-20. The non-maskable interrupt vector 
is at addresses FFFC 16 and FFFD 16 . Thus, the upper byte of the program 
counter is loaded from FFFC 16 while the lower byte is loaded from 
FFFD 16 . This directs the MPU to the first instruction in the non-maskable 
interrupt service routine. From this point on, the MPU returns to its 
normal fetch-execute cycle until the service routine is finished. 

The sequence of events shown in Figure 6-22 happen automatically when 
a non-maskable interrupt sequence is initiated. The NMI line gives exter- 
nal hardware a method of forcing a jump-to-subroutine to occur. In this 
case, the subroutine is a short program that performs some action to take 
care of the interrupt. 



Return From Interrupt (RTI) Instruction 

The non-maskable interrupt is used when some situation exists that 
cannot be ignored. You can probably visualize applications that would 
require such a capability. For example, assume that a microprocessor is 
being used in a numerically controlled drill press. The non-maskable 
interrupt could be used in conjunction with limit switches to prevent 
drilling holes in the work surface. Or, it could be used to shut down the 
machine if someone's hand got too close. 

The purpose of the service routine is to direct the operation of the 
computer to take care of the interrupt. Typically, it would first determine 
which external device initiated the interrupt. Then it would determine 
the nature of the interrupt. Finally, it would take whatever action was 
necessary to take care of the interrupt. In many cases, the interrupt is of a 
routine nature and can be easily serviced. In these situations, the MPU 
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should return to the main program and take up where it left off. There is 
an instruction that allows the MPU to do this. It is called the "Return- 
From-Interrupt" (RTI) instruction. Look on your Instruction Set Sum- 
mary card, and you will see that this is a one-byte instruction whose 
opcode is 3B 16 . 

Figure 6-23 shows how the RTI instruction is used. The main program is 
shown on the left, while the interrupt service routine is shown on the 
right. Assume that the interrupt signal occurs while the LDAB# instruc- 
tion is being executed. The MPU finishes that one instruction and pushes 
all pertinent data onto the stack. It then jumps to an address determined 
by the NMI vector in address FFFC and FFFD. The cont ents of these two 
locations determine the starting address of the NMI service routine. 
Notice that the last instruction in the service routine is the return-from- 
interrupt instruction. This instruction returns program control to the 
point in the main program that the MPU left when the interrupt occurred. 

This can be done because the previous status of the MPU was preserved in 
the stack. The RTI instruction causes the accumulators, the index regis- 
ters, the condition code register, and the program counter to be loaded 
from the stack. Thus, the same information that went into the stack when 
the interrupt occurred comes out of the stack when the RTI instruction is 
executed. This allows the MPU to return to the main program and take up 
where it left off. 

ADDRESS DETERMINED 
3Y NMI VECTOR 
IN FFFC AND FFFD 




F D 5 0 



I NTERRU PT 
SERVICE 
ROUTINE 



Figure 6-23. 
The RTI instruction returns 
control to the main program 
after the interrupt has been ser- 
viced. 
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Interrupt Request (IRQ) 

The interrupt request is very similar to the non-maskable interrupt. The 
main difference between the two is that the interrupt request is maskable. 



The 6800 MPU has a control line called the interrupt request (IRQ) line. 
When this line is low, an interrupt sequence is requested. However, the 
MPU may or may not initiate the interrupt sequence depending on the 
state of the interrupt mask (I) bit in the condition code register. If the I bit 
is set, the MPU ignores the interrupt request. If the I bit is not set, the MPU 
initiates the interrupt sequence. This procedure is- very similar to the NMI 
procedure discussed earlier. Figure 6-24 shows the interrupt procedure. 
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When the IRQ line is low, the MPU finishes the current instruction. It 
then checks the interrupt mask bit. If I is set to 1, the MPU ignores the 
interrupt request and executes the next instruction in sequence. How- 
ever, if 1=0, the MPU pushes the contents of the various registers onto the 
stack in the order shown. 

Next, the interrupt mask bit is set to 1. This prevents the MPU from 
honoring other interrupt requests until the present interrupt has been 
serviced. 



The address of the IRQ service routine is at addresses FFF8 16 and FFF9 16 . 
The program counter is loaded from these addresses. Thus, the next 
instruction to be executed will be the first instruction in the interrupt 
request service routine. 

Once in the service routine, the MPU goes into its normal fetch-execute 
cycle. When the interrupt has been serviced, control can be returned to 
the main program by an RTI instruction. 

Interrupt Mask Instructions 

The 6800 MPU has two instructions that allow software control of the 
interrupt mask bit. You have seen that the I bit in the condition code 
regis ter is set any time an interrupt sequen ce is i ni tiated . This prevents an 
IRQ from being honored while a previous IRQ or NMI is being serviced. 
This is an example of setting the interrupt flag with hardware. 

In many cases, it is necessary to set the interrupt flag with software. 
Therefore, the 6800 MPU has an instruction that can do this. It is called 
the "Set-Interrupt-Mask" (SEI) instruction. If you refer to your Instruc- 
tion Set Summary card, you will see that this is a one-byte instruction 
whose opcode is 0F 16 . The flag may be set to prevent an interruption on a 
part of the program that we do not wish to be interrupted. It has the effect 
of disabling interrupt requests. 

Of course, we do not wish to permanently disable the interrupt capabil- 
ity. Therefore, some means must be provided for enabling the interrupt 
request capability. An instruction called "Clear-Interrupt-Mask" (CLI) is 
available for this purpose. This is a one-byte instruction whose opcode is 
0E 16 . 

While we can disable or enable the interrupt request line with these 
instructions, they do not affect the non-maskable interrupt. As the name 
implies, the NMI line cannot be disabled by the I flag. 
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Software Interrupt (SWI) Instruction 

The 6800 MPU has a software equivalent of an interrupt. It is an instruc- 
tion called the "Software Interrupt" (SWI]. When executed, the instruc- 
tion causes the MPU to perform an interrupt sequence that is very similar 
to the hardware interrupt sequences already discussed. As shown on 
your Instruction Set Summary card, this is a one-byte instruction whose 
opcode is 3F 16 . 

Figure 6-25 shows the sequence of events that occurs when this instruc- 
tion is executed. First the contents of all the pertinent registers are 
pushed onto the stack in the order shown. Next, the interrupt mask is set 
so that interrupt requests cannot interfere. Finally, the software interrupt 
vector is obtained from addresses FFFA 16 and FFFB 16 . This vector is 
loaded into the program counter so that the next instruction will be 
fetched from this address. As with the other interrupts, the MPU will 
return to the original program when a return-from-interrupt instruction 
is encountered. 
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The software interrupt instruction can be used to simulate hardware 
interrupts. It is also helpful for inserting pauses in a program. For exam- 
ple, the ET-3400 Microprocessor Trainer uses the software interrupt to 
perform the single-step function and to implement the breakpoint capa- 
bility. 



Wait for Interrupt (WAI) Instruction 

One of the first instructions introduced in this course was the halt in- 
struction (opcode 3E 16 ). In the previous unit, you learned that this in- 
struction is actually called a Wait-for-Interrupt (WAI). What exactly does 
this instruction do? It does cause the MPU to halt, but there is more to it 
than that. 

When the WAI instruction is executed, the program counter is in- 
cremented by one. Then the contents of the program counter, index 
register, accumulators, and condition code register are pushed onto the 
stack. The order is exactly the same as if an interrupt occurs. The MPU 
then enters a wait state, doing nothing further until, and unless, an 
interrupt occurs. 

The MPU can be forced back into action either by an interrupt request or 
by a non-maskable interrupt. The NMI sequence is the same as that 
described earlier except for one important difference. Remember that the 
contents of the registers have already been pushed onto the stack. Thus, 
this part of the NMI sequence is omitted. This allows the MPU to respond 
faster to the interrupt. 

The IRQ sequence is also the same as that described earlier except that the 
registers are not pushed onto the stack again. As always, the IRQ signal is 
ignored if the interrupt mask bit is set. 

Of course, the reset signal can override the wait state. Thus, there are 
three ways of escaping the wait state. 
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Answers 

28. Reset, non-maskable interrupt, interrupt request, and software in- 
terrupt. 

29. Interrupt request (IRQ). 

30. To direct the MPU to the first instruction in the monitor or control 
program. 

31. FFFE 16 and FFFF 16 . 

32. The address of the interrupt service routine. 

33. A. The current instruction is executed. 

B. The contents of the pertinent registers are pushed onto the 
stack. 

C. The interrupt mask bit is set. 

D. The NMI vector from addresses FFFC 16 and FFFD 18 is loaded 
into the program counter. 

E. The instruction at the address specified by the NMI vector is 
fetched and executed. 

34. A routine that takes care of the interrupt and then returns control to 
the main program. 

35. The Return-From-Interrupt (RTI) instruction. 

36. The stack pointer is incremented seven times as the previous MPU 
status is pulled from the stack. 

37. Reset. 

38. Set Interrupt Mask (SEI). 

39. A. By a reset signal. 

B. By a non-maskable interrupt. 

C. By an interrupt request (if 1=0). 

40. If the MPU is waiting for an interrupt. 
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EXPERIMENTS 



Perform Experiments 9 and 10 in the Programming Experiment Section 
(Unit 9) of this course. After you finish these experiments, return to this 
unit and complete the unit examination. 
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UNIT EXAMINATION 

1 . If the I bit in the condition code register is set, the MPU will ignore: 

A. The reset signal. 

B. The non-maskable interrupt signal. 

C. The interrupt request signal. 

D. The software interrupt instruction. 

2. Which of the following lists contains instructions that do not 
change the contents of the stack pointer? 

A. PULA, DES, RTI, WAI. 

B. PSHB, INS, RTS,SWI. 

C. TXS, BSR, PULB, LDS. 

D. PSHA, JMP, TSX, STS. 

3. Which of the following program segments will successfully swap 
the contents of the two accumulators? 

A. PSHA B. PSHB C. PSHA D. PSHB 
TAB TAB TBA TBA 

PULA PULA PULA PULB 



4. The stack pointer is automatically: 

A. Decremented before data is pushed onto the stack. 

B. Incremented before data is pushed onto the stack, 

C. Decremented after data is pushed onto the stack. 

D. Incremented after data is pushed onto the stack. 

5. One difference between the JMP and JSR instruction is: 

A. JMP can use either extended or indexed addressing. 

B. The program count is saved when JSR is executed. 

C. The JSR will be executed even if the interrupt mask is set. 

D. JMP is an unconditional jump. 

6. The last instruction in a subroutine is generally: 

A. A JMP instruction. 

B. An RTS instruction. 

C. An RTI instruction. 

D. A JSR instruction. 
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7. In the 6800 MPU, which of the following instructions could be used 
to transfer data from an I/O device to accumulator A? 

A. INPA. 

B. LDAA. 

C. STAA. 

D. OUTA. 

8. Refer to Figures 6-17 and 6-18. Which of the following program 
segments will read in data from the switch bank and, if the number 
is larger than 2A 16 , display it on the LED's? 



LDAA 


B. LDAA 


C. LDAA 


D. LDAA 


80 


80 


80 


90 


00 


00 


00 


00 


CMPA# 


SUBA# 


STAA 


SUBA# 


2A 


2A 


90 


2A 


BHI 


BHI 


00 


BHI 


01 


01 




01 


WAI 


WAI 




WAI 


STAA 


STAA 




STA 


90 


90 




80 


00 


00 




00 



9. Which of the following types of interrupts does not cause data to be 
pushed into the stack? 

A. Software interrupt. 

B. Non-maskable interrupt. 

C. Reset interrupt. 

D. Interrupt request. 

10. Generally, the last instruction in an interrupt service routine will 
be: 

A. An RTI instruction. 

B. An SWI instruction. 

C. An RTS instruction. 

D. An NMI instruction. 
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INTRODUCTION 

As mentioned earlier, there are two things you can do with a micro- 
processor. You can program it and you can interface it with other circuits. 
By now you should be able to write simple programs without too much 
trouble. You will continue to learn new programming techniques as you 
progress through the course. However, in the remaining portions of the 
course, the emphasis will shift to interfacing the MPU with other circuits. 

Units 7 and 8 will give you enough general information to understand the 
interfacing experiments providing that you have a general knowledge of 
digital electronics. That is, these units are written on the assumption that 
you have training equivalent to that provided in the Heathkit Continuing 
Education, Individual Learning Program in Digital Electronics. 
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UNIT OBJECTIVES 

When you have completed this unit, you should be able to: 

1. Define 3-state logic and explain the need for it. 

2. Explain the purpose of each of the control lines on the 6800 MPU. 

3. Explain the timing relationships between the clock signals and the 
information on the address, data, and R/W lines. 

4. Identify several different arrangements used in static RAMS. 

5. Draw the logic diagram of a simple address decoder. 

6. Explain the operation of a static RAM storage cell. 

7. Show four different methods by which an MPU can drive 
7-segment displays. 
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UNIT ACTIVITY GUIDE 



n Read Section on Interfacing Fundamentals. 

I I Complete Self-Test Review Questions 1 through 14. 

fl Play Cassette Tape Section "Semiconductor Memories. " 



n Complete Self-Test Review Questions 15 through 28. 

I I Read Section on Interfacing with Displays. 

n Complete Self-Test Review Questions 29 through 40. 

I I Perform Interfacing Experiments 1 through 4. 

n Complete Unit Examination. 

I I Check Examination Answers. 



□ 



Read Section on Interfacing with Random Access Memory. 



HEATHKIT 

UNIT SEVEN CONQgG 



INTERFACING 
FUNDAMENTALS 

Before going into specific interfacing examples, we must first discuss 
some fundamental concepts that will be used. First, we will discuss the 
concept of a bus and the need for 3-state logic. Then we will examine the 
various control and bus lines of the 6800 MPU. Finally, we will consider 
the various timing relationships involved in the execution of instruc- 
tions. 

Buses 



In computer jargon, a bus is generally defined as a group of conductors 
over which information is transferred from one place to another. In many 
cases, the information can originate from any one of several sources and 
can be transferred to any one of several destinations. Moreover, on some 
buses, information can be transferred in either of two directions. These 
are called bi-directional buses. Of course for a given bus, only one transfer 
of information can occur at a time. 

Figure 7-1 shows the data bus arrangement in a typical microcomputer 
application. Generally in this type of system, all data transfers involve the 
MPU. Thus, data can be transferred in either direction between RAM and 
the MPU. However, other data transfers are one way only. Data can be 
transferred from ROM or the input buffer to the MPU. Also, data can be 
transferred from the MPU to the output latches. 
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Figure 7-1 
Typical Data Bus Arrangement. 
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In an arrangement like this, two problems arise. First, we must insure that 
only one data transfer is attempted at any given time. This is done by 
assigning each destination or source a different address. For example, the 
RAM, ROM, output latches, and input buffers all have one or more chip 
enable pins. The proper logic levels on these pins will select or activate 
the circuit. By assigning each circuit a different address, we insure that 
only one circuit at a time is enabled. 

Figure 7-2 shows the addressing capability added to the block diagram. 
An address decoder is added for each circuit. The inputs to the address 
decoders come from the MPU via the address bus. The outputs go to the 
chip enable lines of the various circuits. Since only one address can 
appear on the address bus at any given instant, only one of the external 
circuits will be enabled at a time. 




8-BIT DATA BUS 



Figure 7-2 
Adding the Address Capability. 



The memories are assigned many addresses since each byte must have its 
own address. For example, if a 512 10 -byte RAM is used, it would probably 
be assigned addresses 0000 16 through 01FF 16 . When any one of these 
addresses appear on the address bus, the RAM is selected via its chip 
enable line. Notice that a portion of the address bus connects directly to 
the RAM. This selects the individual byte within the RAM. 
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In the same way, the ROM is assigned a range of addresses. If a 1024 10 byte 
ROM is used, it may be assigned addresses FC00 16 through FFFF 16 . The 
ROM must be enabled whenever any of these addresses appear on the 
address bus. The output latch and input buffers are also assigned unique 
addresses. Thus, the MPU can communicate with any one of the external 
circuits simply by placing the proper address on the address bus. 

The second problem is more fundamental. It arises because of the basic 
2-state nature of digital logic circuits. Recall that the output of a standard 
logic gate will always be either logic 1 (high) or logic 0 (low). The 
problem is: Which state should the outputs of the circuits that are con- 
nected to the data bus assume when they are not selected? Regardless of 
which state they assume, they interfere with the output of the enabled 
circuit. For example, if the output of the disabled circuits assume a high 
state, they interfere with the low output of the enabled circuit. In other 
words, one circuit tries to pull the bus line high while the other is trying 
to force it low. 

In the past, this problem has been overcome by using gates with open 
collector outputs. While open collector devices could be used to solve 
this problem in microprocessors, an entirely different approach is most 
often used. To understand how this problem is overcome, we must 
discuss 3-state logic. 



3-State Logic 

As the name implies, 3-state logic devices have a unique third state in 
addition to the normal 1 and 0 output. Figure 7-3 compares a standard 
non-inverting buffer with a 3-state, non-inverting buffer. 

Recall that a non-inverting buffer increases the current drive of the input 
signal without changing the logic levels in any way. Thus, the output 
may be able to drive ten times as many gates as the input. The standard 
buffer has one input and one output. The output always assumes the same 
logic level as the input. Because the input must be either 1 or 0, the output 
must be the same. 

By contrast, the 3-state buffer has two inputs. In addition to the normal 
data input, the buffer has an enable/disable input. This input may be 
either logic 1 or logic 0 depending upon whether we wish to enable or 
disable the buffer. The buffer shown in Figure 7-3B is enabled by apply- 
ing logic 1 to the enable/disable input. 
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A. STANDARD NON-INVERTING BUFFER. 




INPUT 
B. THREE-STATE, 



NON-INVERTING BUFFER. 

Figure 7-3 
Comparison of standard and 3-state 
buffers. ' 
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When enabled, the 3-state buffer acts exactly like the standard buffer. The 
output will assume the same logic level as the data input. 

The 3-state buffer is disabled by applying logic 0 to the enable/disable 
input. When disabled, the output assumes a very high impedance state 
that is neither logic 1 nor logic 0. While in this high impedance state, the 
output can be assumed to be disconnected from the rest of the circuit. 
That is, when the buffer is disabled, its output will not interfere with the 
circuits to which it is connected. 

There are many different types of 3-state devices available. Figure 7-4 
shows four different types of 3-state buffers. The buffer shown in Figure 
7-4 A is the same as that described above. It does not invert and is enabled 
by logic 1 . Notice that the buffer shown in Figure 7-4B has a small circle at 
the enable/disable input. This means that the buffer is enabled by a logic 0 
and disabled by a logic 1. 

Figures 7-4C and D show inverting buffers. The first is enabled by a 
logic 1; the second is enabled by a logic 0. 

Generally, four or more 3-state buffers are included in a single integrated 
circuit. Figure 7-5 shows the 74126 type TTL IC. It contains four 3-state 
buffers in a single 14-pin dual-in-line package. 

Figure 7-6 shows eight 3-state buffers in a single 20-pin package. The four 
lower buffers are enabled by a logic 0 at pin 1 of the IC. The four upper 
buffers are enabled by a logic 1 at pin 19. The input buffer shown earlier 
in Figures 7-1 and 7-2 could use this type of IC. Buffers of this type are 
often called bus extenders, line drivers, line receivers, etc., depending on 
how they are used. 
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Figure 7-4 

Four types of 3-state buffers. 
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Figure 7-5 
The 74126 IC contains four 3-state buf- 
fers in a single 14-pin package. 



Figure 7-6 

The 74LS241 contains eight 3-state 
non-inverting buffers. 
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While many different forms of 3-state buffers are available, many micro- 
processor support circuits do not require separate 3-state buffers. Most 
RAMS and ROMS have their own 3-state buffers built in. Thus, any time 
the RAM or ROM is not selected, it automatically goes to its third state. In 
this state, the outputs are said to be off, disconnected, disabled, floating, 
or in their high impedance state. 

The 6800 and 6808 MPU Interface Lines 
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Figure 7-7 
The H800 and 6808 MPU 
pin assignments. 



Before you can interface any microprocessor to its support circuits or to 
the outside world, you must become familiar with its pin assignments, 
control lines, etc. Figure 7-7 shows the pin assignments of the 6800 and 
6808 MPU. Notice that the MPU is in a single 40-pin dual-in-line pack- 
age. 

Most of the pin assignments, as shown in Figure 7-7, are common to both 
the 6800 and 6808 microprocessors. There are six pin assignments that 
are not common, pin 3 and 35 through 39. The functions in parenthesis 
are for the 6808. The functions on these same pins that have no paren- 
thesis are for the 6800 microprocessor. In the following description of the 
MPU interface lines, those common to both the 6800 and 6808 will be 
described first. Then those that apply to the individual MPU will be 
discussed under a separate heading. 

Notice that pins 9 through 20 and 22 through 25 make up the 16-bit 
address bus. These pins connect to 16 three-state output drivers in the 
MPU. Each driver is capable of driving one standard TTL load. When 
disabled, the address lines act as open circuits. This capability is some- 
times used to allow another device to gain control of the address bus. In 
this way, some external device can address memory. This is referred to as 
"direct memory access" (DMA). 

Pins 26 through 33 are used for the8-bit data bus. This is a bi-directional 
bus that is used to transfer data to and from memory and the input-output 
circuitry. 

You are already familiar with four of the control lines: the read/ write line, 
the reset line, the non-maskable interrupt, and the interrupt request line. 
The read/write (R/VVJ line tells the peripheral devices and memory 
whether the MPU is in the read or write mode. A read operation is 
indicated by a logic 1 on this line. In this mode, the MPU reads data from 
memory orfrom an input device. A write operation is indicated by a logic 
0 on the R/W line. In this mode, the MPU sends data out to memory or an 
output device. Since it works hand-in-hand with the address bus, the 
R/W line has a 3-state capability. 



The reset line (pin 40) was discussed in the previous unit. Recall that it is 
used to reset and start the MPU when power is initially applied or at 
anytime that we wish to initialize the system. When this line goes to logic 
level 1, the MPU starts the reset sequence. Recall that the reset vector is 
retrieved from addresses FFFE X6 and FFFF l6 . This vector is loaded into 
the program counter so that the first instruction is fetched from that 
address. This capability is used to direct the MPU to the start of the 
monitor or control program. 



The non-maskable interrupt (NMI) was mentione d whe n interrupts were 
discussed. A high-to-low transition on pin 6 (the NMI line) will initiate 
the non-maskable interrupt sequence. Recall that this forces the MPU to 
pick up the NMI vector at addresses FFFC and FFFD. This vector is the 
address of the NMI service routine. 

The interrupt request line (IRQ) was also discussed earlier. While this is 
similar to the n on-m askable interrupt, there are three fundamental differ- 
ences. First, the IRQ signal i s ma skable; it will be ignore d if t he interrupt 
mask bit is set. Second, the IRQ seque nce p icks up the IRQ vector from 
addresses FFF8 16 and FFF9 16 . Third, the IRQ line (pin 4) is level sensitive. 
That i s, a lo gic 0 on this pin causes the interrupt sequence. Compare this 
to the NMI line which requires a logic l-to-0 transition. 

The vaJid memory address (VMA) line is an output. It indicates to 
peripheral devices that the address on the address bus is a valid one. This 
signal is necessary because occasionally a false address will appear on 
the address bus. The VMA signal is used to disable peripheral devices 
when the address is not valid. A logic 1 at pin 5 indicates that the address 
is valid and that the peripheral devices may respond accordingly. A logic 
0 indicates that the address is not valid and that the peripheral devices 
should ignore the address. As you will see later, the VMA line is used in 
any decoding scheme. 

TheHALT line (pin 2) provides a hardware method of halting the MPU. If 
this input is forced low, the MPU will finish its present instruction, then 
it will halt. When halted, all 3-state lines go to their off state. This 
effectively disconnects the MPU from the address and data buses. This 
line is sometimes used to implement single instruction operation. By 
controlling the HALT line, the MPU can be forced to stop after each 
instruction is executed. This can be a valuable aid in troubleshooting 
hardware and debugging programs. In many applica tions, the halt capa- 
bility is simply not required. In this case, the HALT line is permanently 
connected to +5 volts. 
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The final control line that is common to both the 6800 and 6808 micro- 
processors in identity and function is the bus available (BA) line. This 
output (pin 7) indicates whether or not the MPU is executing instruc- 
tions. Recall that the MPU may stop executing instructions for either of 
two reasons. First, the WAI instruction will cause the MPU to stop until 
an interrupt is received. Or, the MPU can be stopped by forcing the HALT 
line low. A logic 0 on the bus available line indicates that the MPU is 
running. A logic 1 indicates that the MPU has stopped. When the MPU is 
stopped, all 3-state outputs go to their off state. Thus, the MPU is effec- 
tively disconnected from the buses. The BA signal indicates that this 
condition exists by going to the logic 1 state. During this period the buses 
are available for other purposes such as DMA operations. 

THE 6800 MPU INTERFACE LINES 

While you are not yet familiar with the remaining 10 pins of the 6800 
MPU, five of them are self-explanatory. For example, two of them (pins 35 
and 38) are not connected. Also, three of the pins are used for power. Pin 8 
is labeled V cc . This is the + 5-volt supply. Pins 1 and 21 are labeled V 5S . 
These are ground pins. Notice that the 6800 MPU requires a single 
+ 5-volt supply. 

The remaining five lines require a brief explanation. First, there are two 
clock signals labeled <M (pronounced "phi one") and 02. A 2-phase 
non-overlapping clock is required. This must be provided to the MPU 
from some external clock generator. The details of the clock signal will be 
discussed later. The normal clock frequency is 1 MHz, although higher 
speed versions of the 6800 MPU are also available. 

The TSC line (pin 39) is used to enable or disable the 3-state address bus 
and the R/W line, which also has a 3-state capability. This input to the 
MPU is used in applications in which some external device must periodi- 
cally take over the address bus. Normally, the MPU has complete control 
of the address bus and read/ write line. However, an external device can 
effectively disconnect the MPU from the address bus by switching the 
TSC line to the high state. When TSC goes high, the address bus and 
read/write line of the MPU go to their off or high impedance state. This 
allows the external device direct access to memory without going 
through the MPU. This is called direct memory access or DMA. In many 
applications, DMA operations are not required and TSC is permanently 
connected to ground. 



The data bus enable (DBE) line (pin 36) is the 3-state control line for the 
data bus. If this input to the MPU is forced low, the data bus will switch to 
its off or high impedance state. As you will see later, all data transfers 
between the MPU and memory take place when the <f>2 clock is high. For 
this reason, the DBE line is often connected to the <f>2 clock. 

THE 6808 MPU INTERFACE LINES 

The 6808 microprocessor has a total of five pins for power. Pins 8 and 35 
are labeled V ee . This is the +5-volt supply. Pins 1, 21, and 36 are labeled 
V ss . These are ground pins. 

The 6808 has an internal oscillator that may be crystal controlled. The 
crystal is connected between pins 38 and 39. These are designated as 
XLAL and EXTAL on Figure 7-7. A divide-by-four circuit has been 
fabricated within the 6808 so that a 4 MHz crystal connected to pins 38 
and 39 result in a 1 MHz output. This output (pin 37) is designated as "E". 
The 1 MHz output is similar to the <f>2 signal on the 6800 microprocessor. 
The Enable (E output) supplies the clock for peripheral devices. 

The final control line of the 6808 that we will consider is the memory 
ready (MR). This input (pin 3) is a control signal which allows stretching 
of the 1 MHz E output. When MR is high, E will be a normal pulse width. 
When MR is low, E may be stretched multiples of half periods. This 
feature allows for interfacing to slow memories. 
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Instruction Timing 



Before going further, the timing relationship between the various control 
and bus signals will be discussed. The discussion will start with the most 
basic timing relationship: the timing for a single instruction. The follow- 
ing discussion applies to both the 6800 and 6808 microprocessors. The 
only significant difference is where the 01 and 02 clocks are generated: 
internal to the 6808, external to the 6800. You should also keep in mind 
that 02 in the following discussion is the E output of the 6808. 

Figure 7-8 shows the 2-phase clock signals required by the micro- 
processor. These two clock signals control every single action that takes 
place in the MPU and its peripheral devices. To illustrate this, the sig- 
nificant events that occur during the fetch and execution of the LDAA 
immediate instruction will be discussed. Recall that this is a 2-byte 
instruction. The first byte is the opcode (86 16 ). The second byte is the 
number that is to be loaded into accumulator A. This instruction requires 
two MPU cycles. During the first cycle, the opcode is fetched and de- 
coded. During the second cycle, the operand is retrieved from memory 
and is placed in accumulator A. 

The significant events are illustrated. Notice that the events occur at the 
edges of the clock pulses. Assume that, prior to time 1, the program 
counter contains the address of the LDAA immediate instruction. 




MPU CYCLE 



Figure 7-8. 
Timing for the LDAA immediate in 
struction. 



At time 1, the address is transferred from the program counter to the 
address bus via the memory address register. Notice that this occurs at the 
positive-going edge of the 01 clock. If the VMA and R/W lines are not 
already at logic 1, they will be switched to logic 1. A logic 1 on VMA 
indicates to memory that this is a valid address. A logic 1 on R/W 
indicates to memory that the MPU wishes to read the byte at the indicated 
address. 



Time 2 is the falling edge of the 01 clock. At this time, the program 
counter will be incremented by one to the address of the next byte in 
memory. However, this will not change the address on the address bus. 
Remember that this address is latched into the memory address register. 
Thus, the output address is still that of the first byte of the LDAA instruc- 
tion. 



The events which occur during the 01 clock are initiated from within the 
MPU itself. In fact, in most systems, the 01 clock is applied only to the 
MPU. The 02 clock, on the other hand, is applied to the peripheral 
circuits as well as the MPU. Thus, the RAMs, ROMs, etc., are controlled 
by the 02 clock. 
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Time 3 is the rising edge of the <f>2 clock. This positive-going edge forces 
memory to place the data from the indicated address onto the data bus. 
Recall that this is the opcode for the LDAA immediate instruction or 86 16 . 
Notice that the address has had from time 1 to time 3 to stabilize. 

Time 4 is the falling edge of the <t>2 clock. At this time, the MPU accepts 
the byte from the data bus. Notice that the data bus has from time 3 to time 
4 to stabilize. The MPU transfers this byte (86 16 ) to the instruction regis- 
ter. There, it is decoded and is interpreted as an LDAA immediate op- 
code. This tells the MPU that the next byte in memory is the operand that 
is to be loaded into accumulator A. . 



This completes the first MPU cycle. During this cycle, the opcode was 
simply read from memory and decoded. This corresponds to the fetch 
phase discussed earlier for our hypothetical MPU. Notice that an MPU 
cycle corresponds to one cycle of the clock. Now let's see what happens 
during the second cycle or execute phase of the instruction. 

At time 5, the address of the operand is transferred from the program 
counter to the address bus. At time 6, the program counter is incremented 
by one in anticipation of the next fetch phase. 



At time 7, the rising edge of the 02 clock causes the operand to be 
transferred from memory to the data bus. At time 8, the operand is latched 
into the MPU where it is transferred to accumulator A. This completes the 
second MPU cycle and the execution phase of the instruction. Time 9 
represents the start of the fetch phase for the next instruction. The LDAA 
immediate instruction required two MPU cycles or two cycles of the 
clock. Assuming a 1 MHz clock, two microseconds are required for this 
instruction. 
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Timing of Program Segment 

Now that you are familiar with the timing of a single instruction, several 
instructions will be put together to form a sample program. You can then 
study the timing relationships between the bus signals, clock signals, the 
R/W line, etc. 

Our sample program segment is shown in Figure 7-9. Using the im- 
mediate addressing mode, it loads 07 16 into accumulator A and adds 21 16 . 
The result is then stored in location 0001 16 . Notice that the first instruc- 
tion resides at address 001 0 16 . 



HEX 


HEX 


MNEMONIC/ 


COMMENTS 


ADDRESS 


CONTENTS 


HEX CONTENTS 




0010 


86 


LDAA# 


Load Accumulator A immediate with 


0011 


07 


07 


07 


0012 


8B 


ADDA# 


Add to Accumulator A immediate 


0013 


21 


21 


21. 


0014 


97 


STAA 


Store the result 


0015 


01 


01 


at this address. 


0016 






Next Instruction 



Figure 7-9 
Sample program segment. 



Figure 7-10 illustrates the timing relationships. At the top the $1 and <j>2 
clock signals are shown. The information that appears on the buses and 
control lines for each clock period is shown at the bottom. This program 
segment requires eight clock or MPU cycles. These are numbered one 
through eight. Next, you will see what happens during each of these 
cycles. 
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Figure 7-10 
Timing of sample program segment. 



Cycle 1. During the first cycle, the address of the LDAA# instruction 
(0010 16 ) is placed on the address bus. As a result, the opcode 86 16 is read 
from that address and is picked up by the MPU. Since this was a read 
operation from a valid address, the VMA and R/W lines are at logic 1. The 
MPU decodes the opcode and recognizes that this is an LDAA# instruc- 
tion. Consequently, it knows that the next byte in memory is the operand 
that is to be loaded into the accumulator. During this cycle, the program 
counter was incremented to 001 1 18 so that it now points at the operand. 

Cycle 2. This is the execution phase of the LDAA# instruction. The 
address of the operand (001 1 16 ) is placed on the address bus. The operand 
(07 16 ) is read out on the data bus and is placed in accumulator A. In the 
process, the program counter is incremented to 0012 16 . This completes 
the execute phase of the first instruction. 



Cycle 3. This is the fetch phase of the next instruction. The address 
0012 16 is placed on the address bus. The opcode at that address is read out 
and placed on the data bus. The MPU picks up the opcode, decodes it, and 
discovers that it is an ADDA# instruction. In the process, the program 
counter is incremented to 001 3 16 . 

Cycle 4, Here, the address 0013 16 is transferred to the address bus and 
the selected memory location is read out. Therefore, the operand 21 16 is 
placed on the data bus. The operand is picked up by the MPU and is 
added to the contents of the accumulator. The sum 28 16 is retained in 
accumulator A. The program counter is incremented to 0014 16 . 
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Cycle 5. This is the fetch phase for the third instruction. The address 
0014 16 is placed on the address bus. The opcode for STAA is read out and 
decoded. The MPU recognizes that the direct address mode is used. Thus, 
it will interpret the next byte in memory as the address at which the sum 
is to be stored. The program counter is incremented to 001 5 16 . 

Cycle 6. Address 001 5 16 is placed on the address bus. Notice that the 
contents of this location is the address at which the sum is to be stored. 
Thus, 01 is read out on the data bus where it is picked up by the MPU. 
Because the MPU recognized that direct addressing is indicated, it as- 
sumes that the address at which the sum is to be stored is 0001 16 . This 
address is retained in the MPU. The program counter is incremented to 
0016 lfi . 

Cycle 7. During this cycle, the MPU prepares to store the sum. To do 
this, it must transfer the address 0001 lfi to the address register. Also, it 
must transfer the sum from the accumulator to the data register. While 
this is happening, the MPU must refrain from all external data transfers. 
To prevent unwanted data transfers, the MPU switches the VMA line low. 
This tells all peripheral devices that the address is not a valid one and that 
no data transfers should be initiated. Thus, the peripheral devices simply 
ignore the data and address buses for this cycle. 

Cycle 8. The MPU is now ready to store the sum in memory. The address 
at which the sum is to be stored (0001 16 ) is placed on the address bus. The 
data to be stored (28 16 ) is placed on the data bus. The VMA line is 
switched high, indicating that this is a valid address. The R/W line is 
switched low, indicating that this is a store operation. Thus, the sum 
(28 16 ) is stored away in memory location 0001 16 . 

Of course, the computer does not stop here. During the next cycle, the 
next instruction is fetched and decoded. However, the eight machine 
cycles illustrated above should give you the idea. As you will see later, 
the timing relationships shown here become important when we inter- 
face the MPU with memory or I/O circuitry. 

The 6800 and 6808 Data Sheets 

The preceding section has given you some information on the control 
lines and timing relationships of both microprocessors, but you may have 
some questions that have not been answered here. For this reason, a 
detailed data sheet on these microprocessors is included in Appendix B 
of this course. It explains in more technical language the capabilities of 
the microprocessors. At this point in your study, you should have little 
trouble understanding these data sheets. You may want to refer to these 
data sheets if you have a question that is not answered in the text. 
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Self-Test Review 

1. What is a 3-state logic gate? 

2. How is the non-inverting buffer shown in Figure 7-4A switched to 
its high impedance state? 

3 . In the 6800 MPU, how can the address bus be forced to the off state? 

4. How can the data bus be forced to its off state? 

5. What does a logic 0 on the VMA line indicate? 

6. What does a logic 1 on the BA line indicate? 

7. How can the MPU be stopped by hardware? 

8. How does the MPU indicate that it wishes to store data in memory? 

9. List three ways in which an interrupt request differs from a non- 
maskable interrupt. 

10. The following is a list of the MPU's buses and control lines. Charac- 
terize each as either input, output, bidirectional, or internally gen- 
erated. 



Halt R/W 

4>1 6800 6808 DBE 

IRQ <f>2 

VMA TSC 

BA NMI 



Address Bus Reset 

Data Bus E 



11. In reference to the clock signals, when is a new address placed on 
the address bus? 

12. When is the program counter incremented? 

13. When does memory place data on the address bus? 

14. When does the MPU pick up or latch in data that is on the data bus? 
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Answers 

1. A gate which has an off state in addition to the normal logic 1 and 
logic 0 states. 

2. By applying a logic 0 to the enable/disable input. 

3. By applying a logic 1 to the 3-state control (TSC) line. 

4. By applying a logic 0 to the data bus enable (DBE) line. 

5. That the address is not valid and should be ignored. 

6. That the MPU has halted. 



7. By applying a logic level 0 to the HALT input. 

8. By switching the R/W line to low. 



9. First, th e int errupt request is maskable; NMI is not. 
Second, IRQ is level sensitive; NMI is edge sensitive. 
Third, IRQ uses the interrupt vector at address FFF8 16 and FFF9 16 , 



while NMI uses the vector at FFFC 16 and FFFD 



16- 



10. HALT — input R/W — output 

</>l 6800 input 6808 internal DBE — input 

IRQ — input (f}2 — input 

VMA — output TSC — input 

BA — output NMI — input 

Address Bus — output Reset — input 

Data Bus — bi-directional E — output, internal 



11. On the rising edge of the (f> \ clock. 

12. On the falling edge of the <£1 clock. 

13. On the rising edge of the <f>2 clock. 

14. On the falling edge of the $2 clock. 
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INTERFACING WITH RANDOM 
ACCESS MEMORY 



The Cassette tape segment entitled "Semiconductor Memories" is an 
excellent overview of the types of memories encountered in micro- 
processor applications. If you have not already done so, you should 
complete this audio-visual activity at this time. 

As shown in the audio-visual presentation, there are several different 
types of semiconductor memories. Today, the most popular type of mem- 
ory used with microprocessors is the static RAM. 

Recall that a RAM is a random access read/ write memory. The static RAM 
uses bistable flip-flops to store data. Because the data is latched in these 
flip-flops, no refresh circuitry is required. That is, data can be maintained 
indefinitely without refreshing as long as power is applied. 

Many different types of static RAMs are available. The smaller static 
RAMs use the bipolar TTL technique. Most of the larger RAMs use either 
MOS or CMOS technology. One of the most popular sizes of static RAMs 
is 1024 bits. This size RAM is packaged in a single IC having from 16 to 24 
pins. Internally, the 1024 memory cells may be arranged as 128 8-bit 
words. Thus, a microprocessor system that requires 512 bytes of RAM 
would require four of these IC's. IC's of this type require eight pins as data 
lines. For this reason, 24-pin packages are often used. Since price is 
related to package size, a RAM of this type is often more expensive than a 
RAM that uses a smaller package. 

A more popular scheme is to arrange the 1024 memory cells into 256 
four-bit words. With this arrangement, only four data pins are required. 
Since the microprocessor works with 8-bit words, two of these RAMs 
must be used to form a 256 by 8-bit memory. As before, four packages are 
required to form the 512-byte memory. However, the four packages tend 
to be smaller and probably less expensive. 



Another popular arrangement is the 1024 by 1-bit RAM. This scheme 
uses only one data line per package. Of course, eight of these packages 
must be used to form 8-bit bytes. Also, a problem arises if we wish to have 
a memory smaller than 1024 by 8. 
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The Static Ram Storage Cell 

The basic storage cell for an MOS type static RAM is shown in Figure 
7-11. Keep in mind that this cell stores a single bit of data. There may be 
1024 of these along with address decoders and bus drivers in a single IC. 



INPUT Vcc INPUT 




DATA 8US 
DRIVER 

Figure 7-11 
The static RAM storage cell. 

The storage cell itself consists of the six MOS transistors. In keeping with 
current convention, the simplified symbol for the MOS transistor is used. 
Assume that these are N-channel enhancement type MOSFETs. Recall 
that an enhancement type MOSFET is normally off or non-conducting. 
However, since these are N-channel devices, they can be made to conduct 
by placing a positive voltage on the gate terminal. That is, when the gate 
is near ground potential, the transistor is off and represents a very high 
impedance. But, when the gate is high (near +V CC ), the transistor con- 
ducts and has a much lower impedance. If you keep these points in mind, 
the operation of the cell is easy to understand. 
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Transistors Ch and Q 2 are cross coupled so that they form a bistable latch 
or flip-flop. The bit of data is stored in this latch. Q 5 and Q 6 act as load 
resistors for Q x and Q 2 respectively. MOSFETs are used instead of phys- 
ical resistors because they take up less chip space. Q3 and Q 4 act as 
switches which connect input data to the latch during write operations. 
Also, they connect the data in the latch to the output sense amplifier 
during read operations. The word select line is connected to the gates of 
Q3 and Q 4 . A logic 1 on the word select line will turn Q3 and Q 4 on. A logic 
0 will keep them turned off. 

Since this is a RAM storage cell, we must be able to write into it and to 
read from it. The following discussion will show how we write into it. 

Write Operation. Before writing a bit of data into the cell, the discus- 
sion will first define what constitutes a 1 and 0. Assume that the latch 
contains a binary 1 when Q 2 conducts and Qj is cut off. And, of course, it 
contains a binary 0 when Q x conducts and Q 2 is cut off. 

When power is initially applied, the flip-flop will latch in one condition 
or the other but we can n ever b e sure of which. We write data into the cell 
by controlling the input, input, and word select lines. To store a binary 1, 
we place a logic 1 (a positive voltage) at the input line. The input line is 
always the opposite state of the input line, so it will go to logic 0 (=0 
volts). The binary 1 is now stored by momentarily applying a logic 1 
(positive pulse) to the word select line. 

A positive pulse on the word select line will turn switches Q3 and Q 4 on. 
Thus, the positive voltage on the input line is applied through Q3 to the 
gate of Q,. This forces Q2 to conduct. When Q> conducts, its drain voltage 
falls to a low value. This reduced voltage is felt on the gate of Q u cutting 
Qj off. When Q x cuts off, its drain voltage goes high. This increased 
voltage is felt on the gate of Q,, holding Q> in the on state. 
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When the word select line returns to logic 0, Q3 and Q 4 cut off. However, 
the conduction of Q2 keeps Q x cut off and the high drain voltage of Qi 
keeps Q 2 conducting. Thus, the binary 1 is latched in the flip-flop. It will 
remain there until power is removed or until a binary 0 is deliberately 
written in. 

We can la ter wr ite in a 0 if we like by applying a logic 0 to the input, a 
logic 1 to input and then pulsing the word select line. When the word 
select line goes high, Q 4 conducts, applying the logic 1 from input to the 
gate of Qj. This tends to bring Qj out of cutoff. At the same time, 
conducts, applying the logic 0 from the input to the gate of Q 2 . This tends 
to cut off Q2. As you can see, the flip-flop latches in the opposite state. 
This represents a binary 0. 

The sense amplifier and output line (shown at the bottom) are disabled 
during this period by the read/ write line (not shown). 

Read Operation. The input and input lines are 3-state lines that are 
enabled or disabled by the read/write line. When the read/write line (not 
shown) is high, the input and input lines are effectively disconnected. 
During this period, we can read data from the storage cell by pulsing the 
word select line. Assume that the cell is presently storing a logic 1. This 
means that Q x is cut off and that Q 2 is conducting. Consequently Q/s 
drain voltage is high (logic 1) while Q 2 's drain voltage is low. When the 
word select line swings high, Q 3 conducts, connecting the high voltage at 
the drain of Q x to the left input of the sense amplifier. At the same time, Q 4 
conducts, connecting the low voltage at the drain of Q 2 to the right input 
of the sense amplifier. The sense amplifier interprets this as a logic 1 
condition and sets the output line accordingly. 

If the flip-flop contains a logic 0 when the word select pulse occurs, the 
right input of the sense amplifier receives the higher voltage while the 
left input receives the lower. The sense amplifier interprets this as a logic 
0. 
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A 128- Word by 8-Bit Ram 



Because a storage cell can store only one bit of information, large num- 
bers of these cells are required to form useful memory sizes. Figure 7-12 
shows how 1024 cells can be arranged to form a 128-word by 8-bit RAM. 
Each of the squares represents one of the 6-transistor cells just discussed. 

The word select lines are shown entering on the left. While only four are 
shown, there would actually be 128 of these lines — one for each word. 
Notice that word select line 00 connects to each of eight storage cells 
across the top of the figure. In an actual system, these eight storage cells 
might make up the 8-bit byte we call memory location 0000 16 . 

The input lines are shown at the top of the diagram. For simplicity, only 
four of the eight lines are shown. Notice that each input line is inverted so 
that complement inputs can be applied to each cell. Although the details 
are not shown, both the input and input lines are 3-state lines so that they 
are effectively disconnected except during a write operation. 

The output lines are shown at the bottom of the diagram. These lines are 
disabled during a write operation but they are enabled during a read 
operation. One sense amplifier is required for each output line. 

Keep in mind that Figure 7-12 does not show the complete RAM. It 
merely shows the memory storage matrix and the sense amplifiers. Some 
additional circuits are required to turn this into a working RAM. One of 
these is an address decoder. 

The memory array is arranged as 128 bytes. An address decoder is 
required that can select any of these 128, 8-bit storage locations. Thus, a 1 
of 128 decoder is required. The input to the decoder is the seven address 
lines from the MPU. Recall that seven bits can specify 128 different 
addresses. 
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Figure 7-12 
Here 1024 storage cells are arranged to 
form a 128-byte by 8-bit RAM. 
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The address decoder is made up of 128 7-input AND gates. A simplified 
diagram is shown in Figure 7-13. Here, only three gates are shown — the 
first two and the last. Word select line 00 should go high when address 
lines A 0 through A H are all low. Notice that seven inverters are used to 
form through X^. Notice also, that these complements are the inputs to 
the top AND gate. If A 0 through A fi are all low, then A„ through A 6 must be 
all high. Consequently, the output of the AND gate goes high. Thus, word 
select line 00 is selected when the low order address is 0000000 2 . 




The 01 select line is activated when the address is 0000001 2 . The next 
125io gates are not shown. Word select line 127 l0 is selected when A 0 
through A 6 are all high. Thus, it is activated when the address is 
1111111 2 . 



Most RAMs do not have separate input and output lines. Instead they 
have data lines which can serve either as inputs or outputs. This is 
possible because the MPU cannot read and write data simultaneously. 
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Figure 7-14 shows a simplified arrangement The data lines are shown on 
the left. The 3-state input buffers are enabled by a high signal on the 
WRITE line. This line is controlled by the R/W signal and the chip enable 
(CE) signal. As you will see, the WRITE line is high when the MPU is 
writing data into memory. This enables the input buffers and allows data 
to be written into the selected address. The output buffers are disabled 
during this period by the low signal on the READ line. 
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Figure 7-14 
This RAM has bi-directional data 
lines. 



When data is to be read from the RAM, the READ line is switched high 
and the WRITE line is switched low. This disables the input buffers and 
enables the output buffers. Thus, the data at the selected address is read 
out and placed on the data bus. 



As Figure 7-14 illustrates, the READ and WRITE signals are controlled by 
the chip enable (CE) signal and the R/W line. The CE input line is 
switched high when this particular memory chip is selected. If this line is 
low, gates 1 and 2 are disabled. This causes both the READ and WRITE 
signals to go low, disabling both the input and output buffers. In effect, it 
disconnects this chip from the data bus. 
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However, when CE is high, the R/W line controls the READ and WRITE 
signals. This R/W line is connected to the R/W line of the MPU. Recall 
that the R/W line is low when the MPU is writing data into RAM, and high 
when the MPU is reading from RAM. When R/W is high, the output of 
gate 2 goes high, enabling the output buffers. The output of gate 1 is held 
low, disabling the input buffers. This places the RAM in the read mode. 

When R/W goes low, the output of gate 1 goes high and the output of gate 
2 goes low. This places the RAM in the write mode. 

Some RAMs have a single chip enable line. In many RAMs, the chip 
enable line is labeled CE, meaning that the chip is selected when the 
enable line is low. Some RAMs have several chip enable (CE) or chip 
select (CS) lines. 

Figure 7-15 shows a 128 by 8 RAM that is designed to be used with the 
6800 MPU. As shown in the simplified block diagram, this RAM has six 
chip select lines. The large number of chip selects allows this RAM to be 
used with little or no external address decoding. As shown in the pin 
assignment diagram, a 24-pin package is required. This RAM is called the 
6810. Data sheets on this device are included in Appendix B of this 
course. 
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Figure 7-15 
The 6810 is a 128-byte by 8-bit RAM. 
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A 256 by 4-Bit Ram 

Figure 7-16 shows the block diagram of a popular 256 by 4-bit static RAM. 
In 8-bit systems, two of these would be required to form a 256 10 byte 
memory. Like the 128 10 by 8 RAM, this circuit has 1024 10 storage cells. To 
simplify the address decoders, the cells are arranged in 32 rows of 32 cells 
each. The 32 cells in each row are further divided into 8 columns of 4 bits 
each. Thus, the array consists of 32 rows by 8 columns by 4 bits (or 256 by 
4 bits). 

Two address decoders are used. The row select decoder is a l-of-32 
decoder which chooses the row. Five address lines (A 0 through A 4 ) are 
used to specify the proper row. 

A l-of-8 column decoder is used to select the proper column. Three 
address lines (A 5 through A 7 ) are used to specify the proper column. The 
selected 4-bit word is at the point where the row and column lines 
intersect. 
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Figure 7-16 
Block Diagram of a 256 by 4 RAM. 
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In this particular IC, the data lines are called I/O lines. The R/W line 
determines whether the IC is in the read or write mode. The OE line 
determines if this particular IC has been selected. If you count the pins 
shown and add one for V cc and another for ground, you will see that a 
16-pin package is required. Figure 7-17 shows the pin assignments and 
logic diagram of the popular 2112 static RAM. It has the same general 
arrangement as that shown in the block diagram. 
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Figure 7-17 

Pin assignments and logic symbol for 
the 2112 static RAM. 



Connecting Ram to the MPU 

Figure 7-18 is a partial schematic of a 6800 based microprocessor system. 
Two 2112 ICs are used as a 256 10 -by-8 RAM. Although not shown, the 
address and data buses from the MPU are also connected to a ROM, input 
and output circuits, and possibly additional RAMs. The MPU can com- 
municate with only one of these devices at any one time. To communicate 
with the two 2112 ICs, the MPU must first select them by switching their 
CE lines low. Notice that the CE lines are connected to the output of the 
RAM address decoder. This decoder monitors the eight high-order ad- 
dress lines. When the address of the RAM appears on these lines, the two 
2112 chips are enabled. 
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Figure 7-18 
Partial schematic of a 6800 based mi- 
croprocessor using two 2112 static 
RAMs. 



The two 2112 ICs make up a 256 by 8-bit RAM. ICl connects to the four 
least significant bits of the data bus (D 0 through D 3 ) , while IC2 connects to 
the four most significant bits. Thus, when a byte of data is stored in the 
RAM, the four LSB's go in ICl, while the four MSB's go in IC2. This is 
possible because the two ICs are enabled at the same time. Notice that the 
address, CE, and R/W lines of the two ICs are tied together. 

The address lines of the ICs monitor the A 0 through A 7 lines from the 
MPU. Once the chips are enabled, any one of the 256 memory locations 
can be selected by placing the proper address on the lower eight address 
lines. 
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Address Decoding 

The 256 10 -byte RAM must be assigned some starting address. In 6800- 
based systems, a common practice is to assign RAM the lowest addresses. 
Thus, a 256io-byte RAM would be given address 0000 16 through 00FF 16 . In 
binary, these are addresses 0000 0000 0000 0000 2 through 0000 0000 
1111 1111 2 . Notice that the eight LSB's can specify any one of the 256 x0 
memory locations. However, it is the upper eight bits that specify that the 
starting address is at the low end of memory. That is, the RAM must be 
enabled when the upper eight bits of the address bus are 0000 0000. 

In Figure 7-18, the RAM address decoder monitors the upper eight bits of 
the address bus. When this decoder finds that the upper eight bits are all 
zeros, it switches the CE line low, enabling the RAM. However, notice 
that VMA and the 02 clock signals are also applied to the decoder. Recall 
that VMA is 1 when the address is valid. Thus, the decoder must also 
monitor the VMA line, since the RAM should not be enabled unless the 
address is valid. Recall also that the MPU must receive and transmit data 
only while the 02 clock is at logic 1. Thus, the decoder also monitors the 
02 clock. If the high-order address lines are all zeros, the VMA line is 
high, and the 02 clock is high, the RAM will be enabled. 

The address decoder can be any type of logic circuit that meets the above 
requirements. A typical circuit is shown in Figure 7-19. If you trace 
through the various logic levels, you will see that CE is low only when A 8 
through A 15 are low and VMA and 02 are high. NAND gate 1 produces a 
low at its output when VMA and 02 are high. The other inputs to NOR 
gate 2 and the inputs to NOR gates 3 and 4 are low when the high-order 
address is 0000 0000 2 . The three NOR gates produce high outputs. Thus, 
the inputs to NAND gate 5 are all high. This forces the output of gate 5 
low. As you can see, this circuit fulfills the requirements of the address 
decoder. 
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Figure 7-19 

Address decoder using 
discrete logic gates. 
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A memory location in the RAM shown in Figure 7-18 is selected by all 16 
address lines. The low-order address lines connect directly to the RAM 
ICs, while the high-order lines connect to the RAM address decoder. 
Thus, each memory location in RAM has only one address. The addresses 
are said to be fully decoded. 

We can save some decoding logic by only partially decoding the address. 
Figure 7-20 shows an address decoder that monitors only two of the 
address lines (A 14 and A 15 ). If you trace the logic levels through, you will 
see that TIE" is low any time that A 14 and A l5 are low and VMA and 02 are 
high. A 14 and A 15 will be low for any address at or below 3FFF 16 . If the CE 
line is used to enable a RAM that has fewer than 3FFF 16 bytes, some of the 
addresses will be duplicated. To illustrate this point, assume that we 
replace the address decoder shown in Figure 7-18 with the circuit shown 
in Figure 7-20. Memory location 0000 16 can be selected by placing ad- 
dress 0000 16 on the address bus. However, location 0000 16 is also selected 
when 0900 16 is placed on the address bus. The reason for this is that the 
RAM is enabled because A 14 and A 15 are low. And, the lowest address in 
the RAM is read out because \ through A 7 are low. Actually, there are 
dozens of addresses that will select any given location. For example, 
addresses 3F00 16 , 2700 16 , 1C00 16 , and many others will all select memory 
location 0000 16 . This is the price that must be paid for saving a few gates 
in the address decoder. 



VMA 
02 




Figure 7-20 
We can save gates by only partially 
decoding the address. 

In practice, this does not actually cause many problems. All we have done 
is sacrifice the lower 16,384 10 addresses to 256 10 bytes of RAM. However, 
this still leaves three-fourths of the 65 K of addresses untouched. In most 
cases, this leaves more than enough addresses for I/O devices, ROMs, etc. 

The fact that a given byte of data appears at several addresses is also no 
problem as long as we remember this limitation in our programming. 
Partial decoding schemes are frequently used because they save decod- 
ing logic. 
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Self-Test Review 

15. List three common arrangements for a 1024-bit static RAM. 

16. Using 256 by 4-bit static RAMs, what is the smallest 8-bit RAM 
possible? 

17. What is the advantage of using two 256 by 4-bit RAMs to form 256 
by 8-bit memory rather than using two 128 by 8-bit RAMs. 

18. How many bits of data can be stored in the circuit shown in Figure 
7-11? 

19. Explain how data is written into this circuit. 

20. Explain how data is read from this circuit. 

21. Refer to Figure 7-13. Which address lines would connect to the 
input of the AND gate that drives word select line 02? 

22. Refer to Figure 7-14. What is the state of the input and output 
buffers if CE is low? 

23. When CE is high and R/Wis low, the circuit shown in Figure 7-14 is 
in the state. 

24. In addition to some address lines, what other signals are connected 
to an address decoder in a 6800-based microcomputer system? 

25. How is the 2112 static RAM enabled? 

26. Refer to Figure 7-19. What conditions must be met before CE will go 
low? 

27. What is the advantage and disadvantage of only partially decoding 
an address? 

28. When each byte of memory has one and only one address, the 
memory is said to be decoded. 
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Answers 



15. The most common arrangements for a 1024-bit static RAM are: 



256 by 8-bits. 



1024 by 1-bit 
256 by 4-bits 
128 by 8-bits 



17. Because the 128 by 8-bit RAM requires 8 data lines, it uses a larger 
and usually more expensive package. 



18. Only one at a time. 

19. The input data bit sets the INPUT and INPUT lines to the proper 
complementary states, then the word select line is pulsed high. 
This turns Q* and Q 4 on connecting the inputs to the flip-flop. This 
sets or resets the flip-flop to the proper state. 

20. The two input lines are tri-stated. The word select line is pulsed 
high turning on Q 3 and Q 4 . This connects the outputs of the flip- 
flop to the sense amplifier. In turn, the sense amplifier sets the data 
line to the proper state. 

21. A 0 , A lf A 2 , A 3 , A 4 , A 5 , and A 6 . 



22. Both the input and output buffers are disabled. 



23. Write. 



24. The VMA line and the 02 clock signal. 

25. The 2112 static RAM is enabled by applying a logic 0 to the CE line. 

26. VMA and 02 must be high. At the same time, address lines A 8 
through A 13 must be low. 

27. The advantage is that generally fewer logic gates are required. The 
disadvantages are that it wastes addresses and that a given byte of 
data may be accessed at several different addresses. 



28. 



Fully. 
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INTERFAaNG WITH DISPLAYS 

One of the most popular output devices used with the microprocessor is 
the 7-segment LED display. It can be used to display the decimal digits 0 
through 9 or the hexadecimal digits 0 through F. It can also display many 
special characters. Its low cost and flexibility make the 7-segment LED 
display ideal for low cost microprocessor based systems. 



The 7-Segment Display 

The 7-segment display consists of seven LED's arranged in the pattern 
shown in Figure 7-21 A. An eighth LED is generally included to act as a 
decimal point. By lighting the LED's in different combinations, 256 t0 
patterns are possible. These range from a blank display (all segments off) 
to the digit 8 with a decimal point (all segments on). Figure 7-2 IB shows 
some of the patterns that can be formed. 
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Figure 7-21 
The 7-segment display can be used to 
form many numerals, letters, and sym- 
bols. 
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Two types of 7-segment displays are popular. One is called the common- 
anode type. As shown in Figure 7-22A, the anodes of the eight light- 
emitting diodes are tied together and connected to +V CC . A diode is 
forward biased (turned on) by applying a low logic level to its cathode. 
An external series resistor is required to reduce the current to an accept- 
able level. 

The other type is called the common-cathode type. As Figure 7-22B 
illustrates, the cathodes are tied together and connected to ground. In this 
case, a diode is forward biased (turned on) by applying a high logic level 
to its anode. 



Driving the 7-Segment Display 
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Figure 7-22 
Two types of 7-segment displays. 



A number of ICs are especially designed to drive the 7-segment display. 
A typical example is the 7447 shown in Figure 7-23 A. This is a BCD-to-7- 
segment decoder-driver. It receives a 4-bit binary number at inputs A, B, 
C, and D. It provides the proper patterns at outputs a through g to form the 
numerals 0 through 9 and six special characters as shown in Figure 
7-23B. 
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Figure 7-23 
The 7447 seven segment decoder- 
driver and its resultant displays. 
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When used with a microprocessor, the MPU does not drive the decoder- 
driver directly. Recall that the information on the data bus is there for a 
microsecond or less. Since the 7447 has no latch capability, a separate 
latch must be used to store the data at the right instant. Figure 7-24 shows 
a representative circuit. 
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Figure 7-24 
Using the decoder/ driver. 



Here a 4-bit bistable latch is used between the data bus and the decoder- 
driver. The latch is enabled only at the instant that its address appears on 
the address bus. For example, assume that the latch has been given the 
address 8000 16 . An instruction such as STAA 8000 16 will activate the 
display. When this instruction is executed, the address 8000 is placed on 
the address bus. The address decoder recognizes this address and enables 
the latch. Thus, the data on lines D 0 through D 3 are latched into the 4-bit 
latch. An instant later, the MPU places new information on the address 
and data buses. However, the display responds only to what has been 
preserved in the 4-bit latch. 

The advantage of this circuit is that it requires only one instruction from 
the MPU to display a given number indefinitely. Its disadvantage is its 
lack of flexibility. Of the 256 10 displays possible, only the 16 10 provided 
by the decoder-driver can be used. Thus, this arrangement can display 
only those symbols shown in Figure 7-23B. 
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A more versatile way of driving a 7-segment display is shown in Figure 
7-25. Here, a low current display is used so that the latch can drive the 
display directly. Notice that the BCD-to-7-segment decoder is eliminated. 
The seven segments of the display (and the decimal point) are now 
controlled directly by the eight bits of data on the data bus. 




Figure 7-25 
A more versatile way of driving a 
7-segment display. 



The display shown is a common-cathode type. Thus, a segment is turned 
on by applying a logic high to its input. Figure 7-26 shows the 8-bit 
pattern that is required to display the digit 1. Since this 8-bit pattern 
comes from the MPU, the microprocessor must do the decoding. This 
requires more MPU time and instructions but it greatly increases the 
versatility of the display. We can now use any of the 256 10 possible 
displays by providing the proper 8-bit pattern. 
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Figure 7-26 
Each bit controls one segment of the 
display. 
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A display of this type is often used to display the hexadecimal digits 0 
through F. The MPU must convert the binary numbers 0000 through 1111 
into the proper 8-bit patterns to display the equivalent hexadecimal digit. 
The easiest way to do this is to use a "look-up" table. The 8-bit patterns 
are placed in 16 10 consecutive memory locations. Assume that the start- 
ing address of the table is FF96 16 as shown in Figure 7-27. 
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Figure 7-27 
Program segment and table for con- 
verting binary to 7-segment display 
format. 
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A program segment is required that will store the proper 7-segment 
pattern in the latches shown in Figure 7-25. Assume that the address of 
the latches is 8000 16 . The program segment might look like that shown in 
Figure 7-27. 

The program assumes that the binary number we wish to convert to its 
7-segment hexadecimal equivalent is in accumulator A. The first instruc- 
tion stores the binary number at address 0016 16 . Assume that the number 
is 0000 0110 2 or 06 16 . Thus, this number is stored at address 0016 16 . Notice 
that this number becomes the offset for the LDAA, X instruction at 
address 0015 16 . 

The second instruction loads the starting address of the table (FF96 16 ) 
into the index register. Then, accumulator A is loaded using indexed 
addressing. The offset, which is now 06 16 , (by virtue of the first instruc- 
tion) is added to the contents of the index register (FF96 16 ) to form the 
address of the operand (FF9Ci 6 ). Thus, the number at address FF9C 16 is 
loaded into accumulator A. This number is 5F 16 , which is the proper 
7-segment code to form the numeral 6. 

Finally, this number is stored at address 8000 16 . This is the address of the 
latches that drive the display. Therefore, if 06 16 is in accumulator A when 
this program segment is executed, the digit 6 will be displayed. Also, if 
02 16 is initially in accumulator A, the program segment will cause a 2 to 
be displayed. 

Using this arrangement, two 4-bit latches are required for each display. 
There are eight bit latches available in a single IC. However, most come in 
20 to 24-pin packages, which are relatively expensive. There is one type 
of 8-bit latch that comes in a 16-pin package. This device will be dis- 
cussed next. 
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Using an Addressable Latch 

Figure 7-28 shows the pin outs and schematic for the 8-bit addressable 
latch. It can store an 8-bit byte and drive a low current display. Its most 
striking characteristic is that data is entered into the device in serial form. 
That is, it has a single data input (pin 13). Thus, the eight bits of data must 
be entered into the device one bit at a time. This explains how the IC can 
get by with only 16 pins. 
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Figure 7-28 
Pin outs and schematic diagram of the 
74LS259 latch. 



The addressable latch has an enable pin that allows it to be selected by an 
address decoder. A low at pin 14 will enable the latch and allow it to 
receive data. Actually, there are eight latches on the IC. They are num- 
bered 0 through 7. The particular latch to which the input data bit is 
routed is determined by the 3-bit address at pins A 0 , A lP and A 2 . Figure 
7-29 shows which latch is selected for each address. 
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Figure 7-29. 

Latch selection table. 
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How can this latch be used by the microprocessor to drive a display? 
Figure 7-30 shows a representative circuit. The three address lines on the 
addressable latch are connected to their corresponding lines on the 
address bus. The remaining lines of the address bus are connected to the 
address decoder. Assume that the address decoder is arranged so that the 
addressable latch is enabled for addresses Cl60 16 through Cl67 16 . That is, 
the addressable latch is enabled for eight different addresses. Address 
Cl60 16 selects latch 0 of the addressable latch; C161 16 selects latch 1; and 
so forth. 
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Figure 7-30. 
Using the addressable latch to drive a 
7-segment display. 



The only data line connected to the addressable latch is D 0 from the 
microprocessor's data bus. The outputs of the eight latches (Q 0 through 
Q 7 ) drive the seven segments and the decimal point of the display. 
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J A A A cd sSTI 

AAA 7 X LATCHES 

*2 A l A 0 



0 1 1 



\ 




0 


0 


0 


7 6 5 4 3 2 1/ 


0 



DATA !N 



Q 7 Q 6 Q 5 Q 4 Q 3 °2 Q L Qp 




12 LU EI 121 El 

A A A / N LATCHES 
*2 *1 0 



1 0 0 



nut 



7 6 5 4 3 2 1/ 



DATA IN 



Q 7 Q 6 Q 5 Q 4 Q 3 °2 Q j Q Q 



/ \ 

AAA 

ft 2 "l A 0 



LATCHES 



1 0 1 



7 6 5 4 3 2 1/ 



DATA IN 



Q 7 Q 6 Q 5 Q 4 Q 3 Q 2 Q i Q Q 




EJ LQJ 101 LLl LOJ LOJ icj 

LATCHES 



TTT 

1 1 0 



Figure 7-31 
Loading the addressable latch. 
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While this arrangement results in an inexpensive circuit, it places an 
extra burden on the MPU. As in the previous example, the microproces- 
sor must make the binary to 7-segment conversion. But in this case, it 
must also convert the parallel 7-segment code into a serial bit stream that 
is acceptable to the addressable latch. You are already familiar with the 
solution to the first problem. Now, the discussion will show how the 
MPU can convert parallel data to serial data. 

The procedure is illustrated in Figure 7-31. The register on the left 
represents one of the accumulators. It contains the proper 7-segment code 
for displaying the letter A. This code must be transferred a bit at a time 
into the addressable latch shown on the right. Remember that the ad- 
dressable latch actually contains eight latches and that the particular 
latch selected is determined by the 3-bit address at A 0 through A 2 . 

The first step is to store the contents of the accumulator at the basic latch 
address which is C160 16 . If you convert this address to binary, you will 
find that address bits A 0 , A lf A 2 are all 0's. Since these lines connect to 
pins A 0 , A lf and A 2 on the addressable latch, latch 0 is selected as shown. 
Notice that the only data line used is D 0 . Thus, the 0 in bit 0 of the 
accumulator is stored in latch 0. 

Next, the contents of the accumulator are shifted to the right so that the 
next bit is available at D 0 . The address of the latch is incremented by 1 and 
a store instruction is executed. Thus, the second bit is stored in latch 1. 
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This procedure continues as shown until all eight bits have been shifted 
from the accumulator to the addressable latch. Of course, a short program 
segment is required to control this operation. A typical program is shown 
in Figure 7-32. Step through the program and verify that it works. Re- 
member that the 7-segment code must be in accumulator A before run- 
ning the program. 



The ET-3400 Microprocessor Trainer uses a method similar to this for 
driving the displays. The program shown in Figure 7-32 will light the 
left-most display. However, in the ET-3400 Microprocessor Trainer, the 
D 0 data line is inverted. Therefore, a 1 must be used in the accumulator for 
each segment that you wish to light. For example, the letter A is formed 
by placing 01110111 2 in accumulator A before you run the program. 



HEX 


HEX 


MNEMONICS/ 




ADDRESS 


CONTENTS 


CONTENTS 


COMMENTS 


0010 


CE 


LDX # 


Load the index register immediate 


0011 


C1 


C1 


with the address of the latch. 


0012 


SO 


60 




0013 


A7 




— *STAA X 


Store accumulator A in the latch. 


0014 


00 




00 




0015 


46 




RORA 


Get ready to send next bit. 


0016 


08 




(NX 


Set up next address. 


0017 


3C 




CPX# 


Compare with final address. 


0018 


CI 




C1 




0019 


67 




67 




001 A 


26 




9NE 


If a match does not occur, branch back 


00 IB 


F7 


F7 


to here. 


001C 


3E 


Wait 


Otherwise, wait. 



Figure 7-32 
A simple program for loading the ad- 
dressable latch. 
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Multiplexing Displays 

The previous approaches required one or more latches for each display. 
There is a method by which we can drive up to eight displays using only 
two 8-bit latches. However, it requires some additional components and a 
lot of microprocessor time. 

A typical circuit is shown in Figure 7-33. Eight common cathode displays 
are used in this example. The display cannot light unless its associated 
transistor is turned on. The transistors are controlled by the contents of 
the digit select latch. In turn, this latch is loaded by the MPU. Qj is turned 
on by placing 1 in bit 7 of the digit latch; Q 2 is turned on by placing 1 in bit 
6; etc. Generally, only one transistor at a time is turned on. A common 
procedure is to store 10000000 in the digit select latch and rotate the 
contents so that the 1 appears at each bit in turn. 
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The individual segments of each display are turned on by the segment 
latch. For example, to turn on the decimal point in the right-most display, 
the segment latch must contain a 1 at bit 7. At the same time, the digit 
select latch must turn on Q v 

To display an 8-digit message, the procedure looks like this: Load the 
digit select latch with 10000000 2 . Load the segment latch with the 
7-segment information for the right-most display. This causes the right- 
most display to show the first digit. After a brief delay, the contents of the 
digit display latch are changed to 01000000. This turns on the second 
display. Next the contents of the segment latch must be changed to the 
7-segment code for the second display. This procedure continues until all 
eight displays are lit. Because no two displays are lit simultaneously, the 
displays must be refreshed many times each second to give the illusion of 
a constant steady display. 

The advantage of this technique is that a minimum amount of hardware is 
required. However, it requires more MPU time than the previous 
techniques since the displays must be constantly refreshed. 
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Self-Test Review 

29. How do we turn on a common-anode type 7-segment display? 

30. What is a disadvantage of using a decoder-driver, such as the 7447, 
to drive a display? 

31. Why is a latch required between the MPU and the display? 

32. When the latch drives the display directly, what performs the 
decoding function? 

33. List four instructions that could be used to output data to a display. 

34. Using the arrangement shown in Figure 7-26, what 8-bit code is 
required to form the letter P? 

35. Refer to the program shown in Figure 7-27. If the number in ac- 
cumulator A is 08 16 when this program segment is run, what binary 
number will be outputted to the display? 

36. What is the purpose of the program shown in Figure 7-27? 

37. Refer to Figure 7-30. What determines which of the latches the 
input data bit goes into? 

38. The program shown in Figure 7-32 converts data to 

data. 

39. Refer to Figure 7-33. What determines which character is dis- 
played? 

40. Refer to Figure 7-33. What determines the display on which the 
character appears? 
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Answers 



29. A common-anode type display is turned on by applying logic 0 to 
the proper cathode. 

30. The pattern is limited to those provided by the decoder. 

31. Because the output data is stable for only an instant, a latch must be 
used to capture the data and hold it for the display. 

32. The microprocessor. 

33. Any of the store instructions could be used to output data to a 
display. These include: STAA, STAB, STX, and STS. 

34. 0110 0111 2 . 

35. 0111 1111 2 . This is the 7-segment pattern for the numeral 8. 

36. The program converts binary numbers between 0000 and 1111 to a 
7-segment code to form the appropriate hexadecimal numeral. 

37. The 3-bit address at A 0 through A 2 . 

38. parallel, serial. 

39. The number in the segment latch. 

40. The number in the digit select latch. 



INTERFACING EXPERIMENTS 

The hardware experiments are included in Unit 10 of this course. Go to 
Unit 10 and perform experiments 1 through 4. Some of these experiments 
are quite involved and you should not attempt more than one experiment 
per sitting. 
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UNIT EXAMINATION 

1. A 3-state logic gate: 

A. Has an enable/disable input as well as the normal data inputs. 

B. Is effectively disconnected from the circuit when it is dis- 
abled. 

C. Is generally used when two or more gates drive the same bus 
line. 

D. All the above. 

2. Which of the following lines or buses is bi-directional? 

A. The read/write line. 

B. The address bus. 

C. The data bus. 

D. All the above. 

3 . Which of the following lines or buses is an input to the 6800 MPU? 

A. The address bus. 

B. The 02 clock. 

C. Valid Memory Address (VMA). 

D. Bus available (BA). 

4 . The MPU can be stopped by external hardware by: 

A. Forcing the halt line low. 

B. Forcing the halt line high. 

C. Forcing the BA line low. 

D. Forcing the BA line high. 

5 . RAM places data on the data bus when: 

A. The positive-going edge of the 02 clock occurs. 

B. The negative-going edge of the 02 clock occurs. 

C. The positive-going edge of the 01 clock occurs. 

D. The negative-going edge of the 01 clock occurs. 

6. In 6800-based systems, two control lines are generally connected 
to the address decoder along with the address line. These are: 

A. BA and 01. 

B. VMA and 02. 

C. TSC and 02. 

D. NMI and 01. 
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7. What is the minimum number of 256 by 4 RAM ICs required to 
develop a memory of 8-bit words? 

A. One. 

B. Two. 

C. Four. 

D. Eight. 

8. The output of the address decoder normally connects to: 

A. The R/W line on the RAM ICs. 

B. The CE lin e on the RAM ICs. 

C. The HALT line of the MPU. 

D. The NMI line of the MPU 

9. What type of circuit is required between the MPU data lines and 
the 7-segment display? 

A. A latch. 

B. A decoder/driver. 

C. An address decoder. 

D. All of the above. 

10. Refer to the program shown in Figure 7-27. The number in ac- 
cumulator A when the program starts is used as: 

A. The address of the corresponding 7-segment code. 

B. The 7-segment code. 

C. The offset address for the LDAA, X instruction. 

D. The address of the 7-segment display. 

11. The program shown in Figure 7-32: 

A. Converts the 7-segment code in accumulator A into a serial 
bit stream acceptable to the latch. 

B . Converts the 7-segment code in accumulator A into a parallel 
data byte acceptable to the addressable latch. 

C. Converts the binary number in accumulator A into the cor- 
responding 7-segment code. 

D. Loads eight addressable latches with the proper 7-segment 
codes to display an 8-character message. 

12. An advantage of the circuit shown in Figure 7-33 is: 

A. It requires fewer MPU instructions than the other methods of 
driving the display. 

B. It requires less MPU time than the other methods of driving 
the displays. 

C. It requires less external circuitry than the other methods. 

D. All of the above. 
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INTRODUCTION 



In this unit, you will continue your study of interfacing the microproces- 
sor with other circuits. The emphasis will be on interfacing with switches 
and displays, which are the most common input and output devices. 

You will also be introduced to a special type of support IC called the 
peripheral interface adapter. As you will see, this device can greatly 
simplify many interfacing problems. 

As you complete this unit, you will perform several interfacing experi- 
ments. As with Unit 7, a basic knowledge of electronics in general and 
digital techniques in particular is required to gain full benefit from these 
experiments. 
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UNIT OBJECTIVES 

When you have completed this unit you will be able to: 

1. Draw a diagram showing how mechanical switches can be con- 
nected to an MPU. 

2. Explain how the MPU can eliminate the effects of contact bounce. 

3. Explain the operation of a program that detects contact closure of 
switches, provides for debouncing, and decodes a simple 
keyboard. 

4. Draw a simplified block diagram of a PIA and explain the purpose 
of the output, control, and data direction register. 

5. Write a simple program that will configure the PIA in any desired 
input-output combination. 

6. Explain how the PIA can be used to drive displays and encode 
keyboards. 
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UNIT ACTIVITY GUIDE 

□ Play Cassette Tape Section "Designing with Microprocessors. " 

□ Read Section on Interfacing with Switches. 

□ Complete Self-Test Review Questions 1 through 11. 

□ Read Section on the Peripheral Interface Adapter (PIA). 

□ Complete Self-Test Review Questions 12 through 20. 

□ Read Section on Using the PIA. 

□ Complete Self-Test Review Questions 21 through 28. 

□ Perform Interfacing Experiments 5 through 9. 

□ Play Cassette Tape Section "Comparing Microprocessors." 

□ Complete Unit Examination. 

□ Check Examination Answers. 

□ Complete Final Examination (optional). 

□ Mail Final Examination in the envelope provided (optional). 
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INTERFACING WITH SWITCHES 

The most popular input device used with the microprocessor is the 
switch. The operator of microprocessor-based equipment usually com- 
municates with the MPU by using keyboard switches. However, in com- 
pletely automated systems, the equipment being controlled often com- 
municates with the MPU by limit switches, pressure switches, etc. In this 
section, you will examine some techniques used in interfacing with 
switches. 

Interfacing Requirements 

When interfacing with a switch, or switches, four operations are in- 
volved. First, the MPU must select or address the proper switch bank. 
Second, it must detect contact closure. Third, it must provide for de- 
bouncing (unless this is accomplished by external hardware). Finally, it 
must decode the input. The following information describes each of these 
operations in more detail. 

Selecting the Switch Figure 8-1 shows a simple arrangement for con- 
necting eight switches to the MPU. Three-state buffers are used to inter- 
face the switches with the data bus. The buffers are enabled by the output 
of the address decoder. This decoder can use any of the decoding 
schemes discussed earlier. Assume that the decoder responds to address 
C003 16 . Until the decoder receives this address, the buffers are disabled. 
This effectively disconnects the switches from the data bus. 

To find out if a switch is closed, the MPU must read in the data from this 
address. An easy way to do this is with the LDAA instruction. When the 
LDAA C003 instruction is executed, the address C003 goes out on the 
address bus. The decoder detects this address and enables the three-state 
buffer. Thus, for an instant, the switch bank is connected to the data bus. 
The data from the switch bank is loaded into accumulator A. 

Detecting Contact Closure If none of the switches are closed, all the data 
lines will be high because of pull-up resistors R 0 through R 7 . Thus, the 
data entered into accumulator A will be FF 16 . To test for a switch closure, 
the contents of accumulator A can be compared with FF l6 . That is, a 
CMPA#FF instruction could be used. If this is followed by a BNE instruc- 
tion, the MPU will branch if a key is depressed. Otherwise, it will not. For 
example, suppose S 0 is closed. When the accumulator is loaded from 
address C003 16 , the D 0 line will be low. Thus, the number loaded into the 
accumulator will be FE 16 . The CMP A instruction clears the zero flag since 
no match occurs. Therefore, the BNE instruction causes the branch to 
occur. 
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Debouncing the Switch Most mechanical switches produce contact 
bounce. When the switch is closed, the contacts do not make an im- 
mediately solid electrical or mechanical connection. Instead, they 
"bounce" open and closed for a brief period of time. Figure 8-2 illustrates 
this effect. 



While contact bounce may only last for a few milliseconds, this is long 
enough for the MPU to interpret the bounce as repeated switch closures. 
To overcome this bounce problem, some switches use cross-coupled 
NAND gates that will immediately latch in one state so that all contact 
bounce is ignored. However, this requires additional circuitry. 

In many applications, a better approach is to let the MPU itself do the 
debouncing. A simple scheme is to wait about ten milliseconds and then 
read in the data from the switch bank again. If the same indication occurs, 
then the MPU can be certain that the switch is closed. The switch can be 
checked as many times as is necessary to ensure that contact bounce is 
eliminated. 
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Figure 8-2 

The effects of contact bounce. 



Figure 8-1 
Interfacing a bank of switches to the 
MPU. 
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Decoding the Switches After the MPU determines that a switch has 
been closed, it must decide which switch it is. In most cases the switch 
closure represents a number. For example, the MPU should recognize an 
S 5 closure as the number 5. This, too, is easily accomplished by the proper 
subroutine. 

Referring to Figure 8-1, you can see that each switch corresponds to one 
bit of the data line. When a switch is closed, the corresponding data line 
goes to 0. When loaded into the accumulator, the corresponding bit is 
also 0. The bit that is 0 can be detected by rotating the accumulator into 
the carry bit. until the carry bit is cleared. By counting the number of 
rotations, the MPU can determine which switch is depressed. 

In most applications, another job of the decoding procedure is to reject 
multiple switch closures. If two switches are closed simultaneously, the 
MPU should not accept data. If a second switch is closed before the first 
switch is released, the MPU may reject the data or accept only the first 
switch closure. By using a few extra programming steps, a very simple 
and inexpensive keyboard can appear quite sophisticated. 



A Typical Keyboard Arrangement 

The keyboard arrangement used with the ET-3400 Microprocessor 
Trainer is a good example of what can be done with simple switches. A 
simplified circuit is shown in Figure 8-3. 




Figure 8-3 
Keyboard arrangement of the ET-3400 
Microprocessor Trainer. 
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The Circuit The address decoder is shown in dotted lines at the top of 
the Figure. For the most part it consists of three 74LS42 decoders. (The 
operation of this type of decoder was discussed in an earlier experiment.) 
The truth table for the 74LS42 is repeated in Figure 8-4. 

The address decoder is also used to select the 7-segment displays. How- 
ever, in this unit, we will be concerned only with keyboard decoding. 

The portion of the address decoder shown in Figure 8-3 monitors address 
lines A 8 through A 15 . That is, it monitors the high order address. The 
keyboard is selected by enabling IC13. Normally, IC13 is in its high 
impedance state so that the keyboard is isolated from the data bus. ICl 3 is 
enabled by applying logic 0 to the enable line (E). 

The address decoder enables IC13 when the high order address is CO x6 . 
With a high order address of C0 16 , address lines A 15 and A 14 are at logic 1 
while A 8 through A l3 are at logic 0. Decoder IC2 is controlled by address 
lines A 13 , A 14 , A 15 , and the VMA and <£2 clock signal. When an instruction 
such as LDA C003 is executed, the inputs to IC2 will be as shown in 
Figure 8-3. The truth table for the decoder shows that output line 6 will be 
logic 0 while all other output lines will be logic 1. 

DEC. BCD INPUT OUTPUT LINES 
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Figure 8-4 
Truth table for the 74LS42 decoder. 



HEATHKIT | 

< gJJ™TioM Interfacing - Part 2 | O" 1 1 



The 1 at output 0 of IC2 is applied to IC3. Address lines A 10 through A 12 
are also connected to IC3. With a high order address of CO, these lines 
will be at 0. With these inputs, the truth table shows that output line 4 of 
IC3 will be 0 while all other outputs will be 1. The 0 at output line 4 is 
inverted by IC21D. Simultaneously, the 0 at output 6 of IC2 is inverted by 
IC21 A. These two signals are then NANDed together to form logic 0 at the 
output of IC21B. This 0 is applied to input C of IC20. 

The other inputs to IC20 include a logic 1 from IC3, logic 0 from A 9 , and 
logic 0 from A 8 . The truth table shows that this will result in a logic 0 at 
output 8 of IC20. This logic 0 is applied to the enable input of IC13. This 
enables the three-state buffers and momentarily connects the keyboard to 
the data bus. Thus, the keyboard is momentarily connected to the data 
bus any time the high order address is COi 6 . 

The keyboard is divided into three columns. The center and right col- 
umns have five keys each while the left column has six keys. The RESET 
key is not shown since it is not addressed as the other keys are. The low 
order address determines which column of keys is selected. A 0 controls 
the left column and A a and A 2 control the center and right columns, 
respectively. A column is selected by choosing an address that will force 
the desired column line low, but will hold the unwanted column lines 
high. Address C003 16 fulfills these requirements for the right-hand col- 
umn of keys. So do many other addresses, but consider this to be the 
address of that column. In the same way, the center column has an 
address of C005 16 and the left column has an address of C006 16 . 



Detecting and Encoding a Key Closure The monitor program in the 
ROM of the Trainer has a subroutine called ENCODE which starts at 
address FDBB 16 . The purpose of this subroutine is to look over the 
keyboard, determine if a key has been depressed, and produce the proper 
hexadecimal value of the depressed key. The hexadecimal value is placed 
in accumulator A. Also, the carry flag will indicate whether or not a valid 
key entry has occurred. A valid entry is defined as one and only one key 
depressed. The C flag will be set if the entry was valid. It will be cleared 
for nonvalid entries or no entries at all. 
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The ENCODE subroutine is shown in Figure 8-5. The following explana- 
tion will refer to the instructions by the line numbers given on the left. 
Notice that the subroutine is written in assembly language. 

The first instruction saves the original contents of accumulator B. As you 
will see later, the program normally comes here from another subroutine 
called INCH. When it does, B will hold a timing count that must not be 
lost. 
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If they are, go to ENC3. 


30 


ENC2 INX 




Otherwise, have the index register 


31 


ASLA 




Scan up the table until it 


32 


BHI 


ENC2 


finds the proper hex value. 


33 


BEQ 


ENC4 


If only one key is depressed, entry is 








valid. 


34 


ENC3 CLC 




Entry is not valid so clear C. 


35 


ENC4 LDA A 


o,x 


Load the hex value into accumulator A. 


36 


LDX 


TO 


Restore index register and j 


37 


PULB 




accumulator B to their original values. 


38 


RTS 




Return 



Figure 8-5 
ENCODE subroutine. 
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The next two instructions load A and B from the keyboard columns. After 
line 3, A and B will contain the data from the two outside keyboard 
columns. Figure 8-6 A shows which keys are associated with which bits. 
The indicated bit will contain 0 if its associated key is depressed. Other- 
wise, it will contain a 1. The X's are shown in those bits that are not 
affected by the keys. The first step is to eliminate these "don't care" states. 
In accumulator A and the carry flag, this is done by shifting to the left. 
After line 6, the accumulators and carry flag will contain the keyboard 
patterns shown in Figure 8-6B. 

Next A and B are shifted left together through the carry flag. Figure 8-6C 
shows the contents of these registers after line 11. The contents of B are 
then saved by pushing them into the stack. Accumulator B is now free to 
be loaded with the data from the center column of the keyboard. Bits 5,6, 
and 7 are masked off leaving the registers as shown in Figure 8-6D. B is 
added to A so that the 0 's in A are replaced with the states of keys 2 , 5 , 8 , B , 
and E. When B is pulled from the stack (line 16) , the registers will contain 
the keyboard pattern as shown in Figure 8-6E. Notice that each of the 16 l0 
keys is represented by one of the bits in the accumulators. If no keys are 
depressed, all bits will be I's. If a key is depressed, its corresponding bit 
will be 0. 

In lines 17 and 18, the two accumulators are complemented. Thus, from 
this point on a depressed key is represented by a 1 while an open key is 
represented by a 0. 

Assume that the D key is depressed. In this case, the accumulators will 
appear as shown in Figure 8-6F after line 18. In line 19, the contents of the 
index register are saved in a temporary location in RAM called TO. Next 
the index register is loaded with one less than the starting address of a 
hexadecimal table. 



A. 
B. 
C. 
D. 
E. 
F. 



ACCUMULATOR B 



□□□□□□□□ 



□□□BIO □ BO 



BBBBBBDD 



CARRY 
FLAG 

m 



0 

0 



lololohM.Mil 0 

m 



B BO B ORB DID 



ACCUMULATOR A 



□□□□□□□□ 



□□□□□□□□ 



□□□□□□□□ 



□ □ □ □□□□□ 



□□□□□□□□ 



^0* D I S DEPRESSED 

|o|o|o|olo|o|olo| QT] { o 1 0 [ 1 1 o I o 1 o 1 0 |Q 



Figure 8-6 
The keyboard bit pattern is placed in 
accumulators A and B. 
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The hexadecimal table is shown in Figure 8-7. Notice that the hex digits 
00 through OF are not in order in the table. However, compare the entries 
in the table to Figure 8-6E. The first eight entries in the table are in the 
same order as the keyboard pattern in accumulator A. The upper eight 
entries correspond to the key patterns in accumulator B. As you will see 
later, this is no accident. 

Line 21 of the program compares the contents of accumulators A and B. 
With D depressed, the number in A will be larger. The result is that both 
the Z and C flags are cleared. The BEQ does not cause a branch because 
the Z flag is cleared. However, the BCC instruction does cause a branch 
because the C flag is cleared. Notice that the branch is to the point labelled 
ENC1 (line 28). 



HEX 
ADDRESS 



HEX 
CONTENTS 



SYMBOLIC ADDRESS 



FFA6 
FFA7 
FFA8 
FFA9 
FFAA 
FFAB 
FFAC 
FFAD 
FFAE 
FFAF 
FFBO 
FFB1 
FFB2 
FFB3 
FFB4 
FFB5 



07 
OA 
OD 
02 
05 
08 
OB 
OE 
03 
06 
09 
OC 
OF 
00 
01 
04 



HEXTAB 



Figure 8-7 
The hexadecimal table (HEXTAB). 
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This part of the subroutine encodes the key closure and at the same time 
checks to see that no other keys are closed. The first step tests B. If the 
result is not zero, the MPU knows that a second key is closed and the entry 
is ignored by branching to ENC3. (The result of this will be shown later). 
Otherwise, the index register is incremented to the address of the first 
entry in the hex table, the contents of accumulator A is then shifted to the 
left, and the BHI instruction simultaneously checks both the C and Z 
flags. The branch is implemented if both C and Z are cleared. Both are 
cleared in this case so the program jumps back to ENC2 and the index 
register is incremented so that it points to the second entry in the table. 
Accumulator A is shifted left again. This places the 1 (that represents 
switch D being closed) into the MSB of the accumulator. C and Z are still 
cleared so the BHI instruction sends the program back to ENC2 again. 

The index register is incremented again so that it now points to the third 
entry in the hex table. Notice that the third entry is OD 16 . Thus, the index 
register is now pointing to the number that corresponds to the switch 
closure. Accumulator A is shifted left again so that the 1 (representing 
switch D) is placed in the carry flag. This sets the C flag and, con- 
sequently, the BHI instruction cannot cause a branch. 

Because the BHI branch does not occur, the next instruction encountered 
is the BEQ instruction. If only one key is depressed, the contents of 
accumulator A should be zero. If it is zero, then only one key was 
depressed. Otherwise, a second key was depressed and the entry should 
be tagged not valid. If the entry is valid, the BEQ instruction causes the 
program to jump over the CLC instruction to ENC4 (line 35). 

At ENC4, accumulator A is loaded with the third entry from the hex table. 
Thus, the program has fulfilled its requirements. A number corre- 
sponding to the key depressed is in accumulator A and the C flag is set 
indicating a valid entry. All that remains is to restore the original con- 
tents of the index register and accumulator B. Finally, the RTS instruc- 
tion returns the program to the point where this subroutine was called. 

If you step through this subroutine with a different key depressed, you 
will see that the proper hex code is always returned. If no keys are 
depressed or if two keys are depressed, the program will branch to ENC3. 
This clears the carry flag. Thus, the subroutine will end with C cleared, 
which indicates that the entry was not valid. 
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Eliminating Contact Bounce A second subroutine is used to eliminate 
contact bounce. It is called INCH for "input character. " Its starting ad- 
dress is FDF4 and it calls the ENCODE program just discussed 20 16 
different times. If for 20 16 consecutive times, ENCODE tells INCH that a 
valid entry exists, INCH is convinced and accepts the entry. Since this 
process requires several milliseconds, any contact bounce is eliminated. 

This subroutine is shown in Figure 8-8. The subroutine is divided into 
two nearly identical halves. The first half (lines 1 through 6) waits for the 
keyboard to be cleared (no keys depressed). It does this so that it does not 
mistake a previous key closure for a valid entry. 

If a key is depressed upon entering this subroutine, first, the contents of B 
are saved; then B is loaded with a delaying count of 20 16 . By counting this 
number down to zero, the program establishes a delay sufficient to "wait 
out" any contact bounce. 



LINE 


ASSEMBLY CODE 


COMMENTS 


1 


INCH 


PSH B 




Save contents of accumulator B 


2 


INC1 


LDA B 


#$20 


Load B with a delaying count of 20 18 . 


3 


INC2 


BSR 


ENCODE 


Branch to the ENCODE subroutine. 


4 




BCS 


INC1 


If carry is set go to INCl. 


5 




DEC B 




Otherwise decrement the count. 


6 




BNE 


INC2 


If count is not zero go back to INC2. 


7 


INC3 


LDA B 


#$20 


Load B with a delaying count of 20 1 8 . 


8 


INC4 


BSR 


ENCODE 


Branch to the ENCODE subroutine. 


9 




BCC 


INC3 


If carry is clear, check again. 


10 




DEC B 




Otherwise, decrement the count. 


11 




BNE 


INC4 


If count is not zero go back to INC4 


12 




PUL B 




Restore the original contents of 
accumulator B. 


13 




RTS 




Return. 



Figure 8-8 
INCH subroutine. 
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The BSR instruction sends the MPU off to the ENCODE subroutine. If a 
key is depressed, the C flag will be set when the program returns. The BCS 
instruction sends the program back to INCl if the C flag is set. The 
program will stay in this loop until the ENCODE subroutine returns with 
the carry bit clear. Of course, this will happen only after a key is released. 
This prevents a single entry from being mistaken for two or more entries. 
An entry is accepted only after the previous entry is released. 

Once a key is released, ENCODE will clear the carry flag. Thus, the BCS 
instruction will not cause a branch. Instead B is decremented and 
checked for zero. If not zero, the program branches back to INC2. This 
loop is repeated 20 16 times and gets rid of any contact bounce associated 
with the release of the previous key. Once the program is convinced that 
the previous key has been released, it proceeds to the second half of the 
subroutine (lines 7 through 13). 

Accumulator B is loaded with a delaying count of 20 16 again and the BSR 
instruction calls the ENCODE subroutine. Upon return from this sub- 
routine, the BCC instruction checks the carry flag. If it is clear, no valid 
entry is being received and the program branches back to INC3. In 
practice, the MPU in the ET-3400 Trainer spends most of its time caught 
in this loop waiting for a key closure to occur. 

When a key closure does occur, the ENCODE subroutine sets the carry bit. 
This allows the MPU to escape the loop. It then enters the loop composed 
of lines 8 through 11, It repeats this loop 20 16 times to eliminate any 
contact bounce. When it escapes this loop, we can be confident that the 
key closure is absolutely valid. 

This is a good example of software-hardware trade offs. These sub- 
routines make the keyboard appear quite sophisticated. A mechanical or 
electromechanical keyboard having all these features would be very 
expensive. 

You will learn more about interfacing with switches later after you learn 
about the peripheral interface adapter. Also, in a later experiment you 
will gain some practical experience interfacing switches. 
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Self-Test Review 

1 . List four requirements that must be met when connecting mechan- 
ical switches to the MPU. 

2 . What type of circuit is often used between the switches and the data 
bus of the MPU? 

3. Refer to Figure 8-1. If no switches are closed, what hexadecimal 
number is read from the switch bank? 

4. Refer to Figure 8-1. If S 2 is closed, what hexadecimal number is read 
from the switch bank? 

5. What two things can be determined by the hexadecimal number 
read in from the switch bank? 

6. Why is debouncing required? 

7. How can the MPU overcome the effects of contact bounce? 

8. Refer to Figure 8-3. To what address does the center row of keys 
respond? 

9. Refer to Figure 8-5. What is the purpose of the first 18 lines of the 
program? 

10. What technique is used for finding the hexadecimal equivalent of 
the key that is depressed? 

11. Refer to Figure 8-8. How does this routine overcome contact 
bounce? 
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ANSWERS 

1. The MPU must: 1) Address the switches. 

2) Detect contact closure. 

3) Overcome contact bounce. 

4) Decode the switches. 

2. A three-state buffer. 

3. FF 16 . 

4. FB lfl . 

5. The hexadecimal number read from the switch bank reveals 

1) If a switch is closed. 

2) Which switch is closed. 

6. When a mechanical switch is closed, its contacts often bounce open 
and closed several times. Unless this is taken into consideration, a 
single switch closure can be mistaken for multiple switch closures. 

7. The MPU can overcome the effects of contact bounce by rechecking 
the closed switch several times. 



8. COOS 



16- 



9. The first 18 lines of the program place the switch pattern into 
accumulators A and B. 

10. They are looked up in a table. 



11. 



By rechecking the closed switch. It must find the switch closed for 
20 16 consecutive checks before the value is accepted as good. 
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THE PERIPHERAL INTERFACE ADAPTER (PI A) 

Most microprocessors have a family of support chips that are used to 
simplify the problem of interfacing with the outside world. One of the 
most popular of these interfacing chips is the 6820 peripheral interface 
adapter (PIA). The PI A was developed to support the 6800 MPU. How- 
ever, it is also being used in many microprocessor based designs using 
other MPU's. 



While a complete discussion of support chips is beyond the scope of this 
course, detailed data sheets on several support IC's are included in 
Appendix B. 

In this section, you will be introduced to the PIA. You will learn enough 
about it to use it in the experiments that follow. 

The block diagrams of two typical systems that use PIA's are shown in 
Figure 8-9. In Figure 8-9A a single PIA is used to drive both an input and 
an output device. This is possible since the PIA has two independent 
channels. Figure 8-9B shows a system that uses two PIA's. One controls 
an input device while the other controls an output device. 



MICRO- 
PROCESSOR 



Tt 



ADDRESS BUS 



Tt 



ROM 



DATA BUS 



3 



PIA 



77 



OUTPUT 
DEVICE 



INPUT 
DEVICE 



B 



ADDRESS BUS 



MICRO- 
PROCESSOR 



RAM 



IE 



PIA 1 



A ft 



a 



INPUT 
DEVICE 



DATA BUS 



PIA 2 



IT 



OUTPUT 
DEVICE 



Figure 8-9 
The PIA is used to interface input and 
output devices to the MPU. 
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The purpose of the PIA is to simplify the problem of interfacing the MPU 
to external devices. Of course, any device can be interfaced with the MPU 
using conventional combinational logic. However, the conventional 
logic approach generally requires many IC's. This defeats one of the 
prime advantages of the microprocessor — a simple straightforward 
design requiring few ICs. The advantage of the PIA is that in many cases 
one or two ICs can do all the interfacing. 

Because the PIA can do most routine peripheral control tasks, the MPU is 
freed to handle more important tasks. Also, the PIA allows the MPU to 
treat a peripheral device as a memory location. In addition, it acts as a 
buffer between the high-speed MPU and the low-speed I/O device. Since 
the PIA has some on board address decoding, a separate address decoder 
is not needed in many applications. 

The PIA is superior to combinational logic in another way. The PIA is 
extremely flexible because it is programmable. That is, its configuration 
can be changed from one moment to the next by the program being 
executed. For example, an output port can be changed to an input port in 
the middle of a program. Later, you will see how this is done. But first, 
you will learn about the internal structure of the PIA. 

I/O Diagram 

The diagram of the PIA shown in Figure 8-10 shows its input and output 
lines. Since this is an interface device, one side connects to the MPU 
while the other side connects to one or more peripheral devices. 



PERIPHERAL 
SIDE 




Figure 8-10 

I/O diagram of the peripheral interface 
adapter. 
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On the MPU side, the PIA monitors several address, data, and control 
lines of the MPU. It monitors all eight data bus lines. Data is transferred to 
and from the PIA, a byte at a time, by the data bus. For this reason, the PIA 
is said to be "byte oriented. " In this respect, the PIA is treated like 
memory. As you will see later, the PIA has four addresses that can be 
treated much like RAM. 

The PIA can monitor five of the MPlTs address lines. This is enough to 
partially decode the address. In many cases, no additional address decod- 
ing is necessary. 

The PIA also connects to several control lines. The R/W line informs the 
PIA whether it is to receive data from the MPU or send data to the MPU. 
Once again, note the similarity between the PIA and RAM. 

Another similarity is the enable line. Like RAM, the PIA is enabled by the 
(f>2 clock (often ANDed with VMA). This provides the basic timing signal 
for the PIA. 

The reset line of the PIA is generally connected to the master system reset. 
This allows the PIA registers to be reset to a known condition at the same 
time the MPU is reset. 

The PIA has two interrupt request lines. These allow the PIA to request 
service from the MPU. These may connect to either the IRQ or the NMI 
lines of the MPU. As you saw earlier, interrupts can be used to simplify 
I/O operations and to save MPU time. While the interrupt capability of the 
PIA is not discussed in this unit, the PIA data sheet in Appendix B briefly 
outlines these capabilities. 

The peripheral side of the MPU has two nearly identical I/O channels. 
PA () through PA 7 make up a peripheral data bus for the A side of the PIA. 
CA! and CA 2 are two control/interface lines associated with the A side. 
Notice that the B side has comparable data and control lines. Do not 
confuse the peripheral data buses on the right with the MPU data bus on 
the left. Both buses will be referred to frequently in the following discus- 
sion. 
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PIA Registers 

The A and B sides of the PIA are nearly identical. Except when noted, 
everything stated about one side of the PIA also applies to the other side. 

Each side of the PIA has three main registers as shown in Figure 8-11. 
These include an output register (OR), a data direction register (DDR), 
and a control register (CR). The output register is used to hold a data byte 
that is being transferred to the peripheral data bus. It acts as a temporary 
storage location for data being transferred from the MPU to the peripheral 
device. 

The data direction register sets up the individual lines in the peripheral 
data bus as either inputs or outputs. Each bit in the DDR controls the 
corresponding peripheral data line. A 1 in a specific bit of the DDR causes 
the corresponding peripheral data line to act as an output line. A 0 causes 
it to act as an input line. 

To set up all eight peripheral data lines of the A side as inputs, we simply 
store 00 16 in the DDR of the A side. By the same token, we can set up the B 
side as output data lines by storing FF 16 in the DDR of the B side. The 
various data lines can be set up in any combination. Moreover, a 
peripheral data line can be changed from input to output simply by 
changing its corresponding bit in the data direction register. Keep in 
mind, that this change is made by software. No hardware change is 
necessary. 

The control register allows you to program several other characteristics of 
the PIA. One of these will be discussed later. The others are explained in 
the PIA data sheets in Appendix B. 



1/2 OF THE PIA 



rr 



1 0UTPUT (OR) 
REGISTER ,UK) 



10ATA DIRECTION 

J REGISTER (DUK ' 



CONTROL 



I 1 1 I 1 1 I rYgTster ,cri 



Figure 8-11 

Each side of the PIA has three main 
registers. 
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Addressing the PIA Registers 

The PIA has six registers in which data can be stored and from which data 
can be read. The two control registers each have an address of their own. 
In a typical system, the control register on the A side may have an address 
of 4005 16 . The control register on the B side may have an address of 
4007 16 . In this case, we could write data into the control register on the A 
side with the instruction STAA 4005 16 . Or, we could read from the control 
register on the B side with LDAA 4007 16 . 



While the control register has an address of its own, the data direction 
register and the output register share a common address. Typically, the 
data direction and output register on the A side may share the address 
4004 16 . Those on the B side may share the address 4006 16 . Thus, in a 
typical system, the PIA may have addresses assigned as shown in Figure 
8-12. 



Even though the data direction and output registers share the same 
address, each is still individually accessible. When address 4004 appears 
on the address bus, either ORA or DDRA will be selected depending on 
bit 2 of the control register. If bit 2 of CRA is a 1, then address 4004 16 
selects ORA. However, if bit 2 of CRA is 0, then address 4004 selects 
DDRA. In this same way, bit 2 of CRB determines which register is 
selected by address 4006 1 6 . A 1 selects the output register; a 0 selects the 
data direction register. 



SIDE A 



ADDRESS 



4004 



4005 



SIDE B 



.1006 < 



4007 



n 



m 



TTT* 



I OUTPUT REGISTER A 
! (ORA) 



DATA DIRECTION REGISTER A 
iDDRA) 



I CONTROL REGISTER A 
I iCRA> 



10UTPUT REGISTER 6 
J I0RB1 



] DATA DIRECTION REGISTER B 
i f D DR B I 



I CONTROL REGISTER B 
I !CR6> 



Figure 8-12 

Typical address assignments of PIA 
registers. 
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Initializing the PIA 

Before the PIA can be used for input-output transfers, it must first be 
programmed to operate in the desired manner. For example, assume that 
you wish to use the A side of the PIA as an output port and the B side as an 
input port. Figure 8-13 shows a PIA that is configured in this manner. 
DDRA sets all A-side peripheral data lines as outputs and bit 2 of CRA has 
set the output register to respond to address 4004. DDRB sets all B-side 
peripheral data lines as inputs and bit 2 of CRB has set ORB to respond to 
address 4006. This state does not come about by accident. We must 
deliberately set up these conditions. This process is called initializing the 
PIA. 

In most applications, the PIA is initialized after a system is reset. Once 
configured in a certain way, the PIA is normally left in this configuration. 
For this reason, you can assume that the initialization process starts 
immediately after the system is reset. 



ADDRESS 



OUTPUT RE G I S T E R A 
(ORAi 



SIDE A 



mTTITTT 



111 



DATA DIRECTION REGISTER A 
l 0 DRA i 



4005 |0|0|0|0|0|l | 0 | 0 | CONTROL r RECISTERA 



4006 



SIDE B 



10UTPUT REGISTER B 
J '0RB> 



|0|0|0l0|0l0r0T0l QATA D,R f D C D T JS? REGISTER B 

6 2 

4007 10|0|0|OlOll |Q|0| CONTROL REGISTER B 



Figure 8-13 

The A side is configured as an output 
port; the B side, as an input port. 
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The PIA has a reset line that is normally connected to the system reset 
line. When the PIAs' reset line goes low, all the registers in the PIA are 
reset to zero as shown in Figure 8-14. With both data direction registers 
reset to zero, both peripheral data buses are configured as inputs. Also, 
with bit 2 of the control registers reset to 0, address 4004 selects DDRA 
while 4006 selects DDRB. To initialize the PIA, we must change the 
contents of its registers from that shown in Figure 8-14 to that shown in 
Figure 8-13. 

A program that will accomplish this is: 

LDAA #FF 

STAA 4004 

LDAA #04 

STAA 4005 

STAA 4007 



ADDRESS 



lo|o|olo|o|o|o|o| 



t OUTPUT REG I STER A 
10RA) 



4004 



SIDE A 



3 2 



DATA DIRECTION REG I 5 TER A 
(DDRA) 



4005 |oio|o|o|ojo|oio| 



] CONTROL REGISTER A 
!CRA) 



4006 



SIDE B 



lo|olo|olololo|ol 0UTPU l ft R a E P G / STER 8 



jo|o|o|oio|o|qIo] 



DATA DIRECTION REGISTER B 
IDDRBI 



4007 | 0 ( 0 | 0 1 0 I 0 I OToTol CONTROL R EC I S TER B 



Figure 8-14 
When the PIA is reset, all registers are 
set to zero. 
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The first instruction loads accumulator A with all binary l's. The second 
instruction stores this at location 4004 16 . Since bit 2 of CRA is initially 0, 
FF is stored in DDRA. This configures the A-side peripheral data bus as 
outputs. 

The third instruction loads 04 16 into accumulator A. The next two in- 
structions store 04 16 at addresses 4005 16 and 4007 16 . These addresses are 
the control registers. Recall that 04 16 is equal to 0000 0100 2 . This sets bit 2 
of both control registers to 1. Consequently, address 4004 16 now specifies 
ORA while 4006 16 now specifies ORB. 

As you can see, the PIA is now set up as shown in Figure 8-15. Notice that 
we did not have to change the contents of DDRB in this case because it 
was initially reset to zero. 

Once the PIA is configured in this manner, the MPU can transfer data to 
the output port using the instruction: STAA 4004 16 . Also, it can read data 
from the input port using the instruction: LDAA 4006 16 . 
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PA, 
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Figure 8-15 

The initialization procedure confi- 
gures the PIA as shown. 
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Addressing the PIA 



Figure 8-16 shows how the PIA fits into a microprocessor system. Now 
consider how the PIA is addressed. 

The PIA has three chip select lines (CSO, CSl, and CS2). These three lines 
are used to select the PIA. In order for this particular PIA to be selected, 
CSO and CSl must be high while CS2 must be low. 

Notice that these three lines are connected to three of the address lines 
(A2, A14, and A15). In this application, the A14 line is ANDed with the 
VMA line. This ensures that the PIA is selected only if the address is 
valid. In the following discussion, assume that all addresses are valid. 
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The PIA will be selected by any address in which A2 and A14 are high 
and A15 is low. Hexadecimal addresses like 4004, 5004, 6004, 7004, etc. 
will select the PIA because the above conditions are met. Actually, there 
are thousands of addresses that will select the PIA. Even so, in many 
systems this is no problem. In the application shown, any address below 
3FFF 16 will select the RAM. Many addresses between 4004 16 and 7FFF 16 
select the PIA. Finally addresses above C000 16 select the ROM. Neither 
the ROM, the RAM, nor the PIA is fully decoded. Even so, their addresses 
are unique enough that each can be selected without additional decod- 
ing. 

For programming purposes, we must assign the PIA four consecutive 
addresses. We will assume that these addresses are 4004 16 through 
4007 16 . Notice that we could have just as easily selected addresses 6004 16 
through 600 7 16 . 

In addition to the chip select lines, the PIA has two register select lines 
(RS0 and RSI) that also connect to the address bus. RS0 connects to AO 
while RSI connects toAl.The RSI line determines which side of the PIA 
is selected. When RSI is at logic 0, side A is selected. When RSI is at logic 
1, side B is selected. 

The RS0 line selects the register on the affected side. When RS0 is 1, the 
control register is selected. When RS0 is 0, the data direction register or 
the output register is selected depending on the state of bit 2 of the control 
register. 
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Figure 8-17 
The relationship between the address 
and the register selected. 



The chart shown in Figure 8-17 shows why the various registers are 
selected for the addresses shown. For example, when the address is 
4007 16 , address lines 1 and 0 are both high. Thus, both RSO and RSl are at 
logic 1 . The 1 at RSl selects the B side of the PIA. The 1 at RSO selects the 
control register. Thus, the address 4007 16 selects the control register on 
the B side. Figure 8-18 illustrates the same thing in another way. It shows 
how the data path between the MPU and the PIA register is determined. 
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Figure 8-18 
How the data path between the MPU 
and the PIA register is determined. 
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Self-Test Review 

12. What is the peripheral interface adapter (PIA)? 

13. How is the PIA superior to combinational logic? 

14. What is the internal structure of the PIA? 

15. How is the PIA reset? 

16. What are the contents of the PIA registers immediately after being 
reset? 

17. How does the MPU decide which side of the PIA is selected? 

18. Once the MPU has selected one side of the PIA, how does it 
determine which of the three registers is connected to the data bus? 

19. Which pin of the PIA is normally connected to the Al address line 
of the MPU? 

20. Refer to Figure 8-16. Write a short routine that will initialize the 
PIA immediately after reset. Set up PAO through PA3 and PBO 
through PB3 as inputs. Set up PA4 through PA7 and PB4 through 
PB7 as outputs. 
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ANSWERS 



12. The PIA is a 40-pin IC that is used to simplify the transfer of data 
between a microprocessor and the outside world. 

13. In many cases, one or two PIAs can handle all interfacing require- 
ments. Also, the PIA is extremely flexible since it can be program- 
med to perform in several different configurations. 

14. The PIA has two nearly identical sides, each of which contains three 
registers: the output register, the data direction register, and the 
control register. The MPU can transfer data to or from either of these 
registers by way of the data bus. 



15. The PIA is reset by pulling its reset line low. 



16. When reset, the contents of all PIA registers are reset to 00 



17. The MPU selects the A side of the PIA by switching the PIA's RSl 
line to 0 (low). The B side is selected by switching the RSl line to 1 . 

18. If the RSO line of the PIA is 1 , the control register of the affected side 
is selected. If RSO is 0, then the register selection is determined by 
bit 2 of the affected control register. 

19. RSl of the PIA is normally connected to address line Al of the 
MPU. 



20. A typical routine is: 



LDAA #F0 

STAA 4004 

STAA 4006 

LDAA #04 

STAA 4005 

STAA 4007 
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USING THE PIA 

Now that you are familiar with the PIA, you are ready to examine some of 
the ways that the PIA can be used. In this section, you will see how the 
PIA can be used, to handle displays and keyboards. You will start by 
examining how a PIA can be used to drive 7-segment displays. 



Driving 7-Segment Displays 

Figure 8-19 shows how a single PIA can be used to multiplex up to eight 
7-segment displays. The PIA is configured to respond to addresses 4004 16 
through 4007 16 . The A side of the PIA is used to supply the 7-segment 
code to the displays. Inverters are used to supply the current required by 
the displays. The B side is used to determine which display is selected. 
Here discrete transistors are used to provide the required current. 

The displays are common cathode types. To light segment "a" of display 
1, Qj must conduct through pin "a." Thus, a logic 1 must be applied to 
the base of Qi and to pin "a" of display 1. 

Notice that both sides of the PIA must serve as outputs. Thus, during the 
initialization procedure, both data direction registers are set to FF l6 . Then 
bit 2 of both control registers are set to l's, so that data would be routed to 
the output registers. 

All displays are blanked by storing FF i6 in output register A. This sets 
PAO through PA7 to l's. The l's are then inverted to O's. Thus, no 
segments of any display can light. 

To display a specific eight-character message, the displays must be 
turned on one at a time in sequence. This is controlled by the B side of the 
PIA. At the same time, the 7-segment character codes must be loaded into 
the A side of the PIA one at a time. 




Figure 8-19 
Using the PIA to multiplex displays. 
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A subroutine for multiplexing the displays is shown in Figure 8-20. It 
assumes that the eight 7-segment codes are already in RAM at consecu- 
tive addresses, SGCODE through SGCODE +7. 

The first instruction loads the index register with one less than the 
address of the 7-segment code for the first character. Next, accumulator B 
is cleared and the carry flag is set to 1. Accumulator A is set to FF 16 by first 
clearing to 00 16 and then complementing. The FF 16 in accumulator A is 
stored in the output register of the A side of the PIA. This sets PAO 
through PA7 to l's. The ones are inverted and blank all the displays. The 
displays are blanked by side A whenever the display pointer (side B) is 
being changed. 

The next instructions rotate accumulator B to the left through the carry 
flag. Recall that accumulator B was originally cleared and that the carry 
flag was set. Thus, the 1 in the carry flag is rotated into bit 0 of ac- 
cumulator B. The new contents of accumulator B are stored in the B side 
of the PIA. PBO is set to 1 while PBl through PB7 are reset to 0. The 1 at 
PBO enables display 0. However, the display still does not light because 
the segment lines are still at logic 0. 
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Figure 8-20 
Subroutine for multiplexing the dis- 
plays. 
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The next instruction (BCC) checks the carry flag to see if it is cleared. It 
will be in this case because a 0 was rotated into it by the earlier ROLB 
instruction. Consequently, the RTS instruction is skipped over and the 
INX instruction is executed next. 

The INX instruction increments the contents of the index register so that 
it now points at the 7-segment code for the first character that is to be 
displayed. The next instruction loads this character into accumulator A. 
Then the 7-segment code is stored in output register A of the PIA. The 
code is inverted and is applied to the segment lines of all eight displays. 
However, only display 0 is presently enabled. Thus, this is the only 
display that will be lit. 

The next three instructions cause a delay of about 1536 10 MPU cycles. In a 
typical system, this amounts to a delay of about 2 milliseconds. Finally, 
the BRA instruction branches the program back to the point called 
NXDIGIT. 

At NXDIGIT, the displays are blanked again. Accumulator B is rotated to 
the left so that the 1 now appears at bit 1. This is stored at PIAORB, 
enabling display 1 and disabling all other displays. The carry flag is still 
cleared, so the RTS instruction is skipped. The next 7-segment code is 
selected and stored at PIAORA. Thus, the second code lights display 1. 
The display is held lit for about 2 milliseconds and the loop is repeated 
again. 

The display loop continues until all eight displays have been lit. After the 
final display is lit, the program tries to repeat the loop again. However, 
this time, the 1 in accumulator B is rotated back into the carry flag. As a 
result, the BCC instruction does not cause a branch. The RTS instruction 
is executed and the program returns to wherever it came from. 

In order to give the illusion of a constant display, this subroutine must be 
called several times each second. The display must be constantly re- 
freshed by rewriting the same message over and over again. 
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Decoding Keyboards 

Figure 8-21 illustrates how the PIA can be used to decode a 16-switch 
keyboard. The chip select lines are connected so that this PIA responds to 
addresses 4008 16 through 400B 16 . 

One switch is connected to each of the peripheral data lines of the PIA. 
When a switch is open, its corresponding peripheral data line is pulled 
up to logic 1 by the pull-up resistor. When a switch is closed, the 
corresponding peripheral data line falls to logic 0. In this application, 
both sides of the PIA act as input ports. Since they are automatically set 
up as inputs during reset, there is little to be done during initialization. Of 
course, bits 2 of the control registers must be set to 1 so that the input data 
from the keyboard can be read from addresses 4008 16 and 400 A 16 . 



The problems associated with decoding the keyboard are the same as 
those discussed earlier. Because this keyboard does not use interrupts, 
the MPU must scan the keyboard at regular intervals. Typically, it would 
read from addresses 4008 16 and 400A 16 several times each second. 



The MPU detects a switch closure by comparing the input data with FF 16 . 
If the input data is anything other than FF 16 , one (or more) of the switches 
is closed. 
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Figure 8-21 

Using the PIA to monitor a keyboard. 
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The MPU overcomes the switch bounce problem in the same way dis- 
cussed earlier. Also, the problems of rejecting multiple switch closures 
and producing an equivalent binary code can be accomplished using the 
same techniques discussed previously in this unit. 

Decoding a Switch Matrix 

The method shown in Figure 8-21 is a very straightforward technique of 
decoding switches. Using one PIA, this technique can handle up to 16 
switches. There are other techniques that use the PIA to greater advan- 
tage. An example is shown in Figure 8-22. Here again, the PIA is handling 
16 switches. However, this time only one side of the PIA is used. 
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PBS 
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Figure 8-22 
One side of the PIA can handle up to 16 
switches. 
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The 16 switches are arranged in a 4 by 4 matrix. The B side of the PIA is 
used to interface with the switches. Lines PBO through PB3 are confi- 
gured as input lines while PB4 through PB7 are configured as output 
lines. 

With no switches closed, PBO through PB3 are pulled up to logic 1 by 
resistors R t through R 4 . PBO monitors switches C, D, E, and F. When all 
four switches are open, PBO is at logic 1. Even with one of the switches 
closed, PBO will still be at logic 1 if output lines PB4 through PB7 are at 
logic 1. And, these output lines (PB4 through PB7) are normally held at 
logic 1. 

Periodically, the MPU scans the keyboard to see if any switch has been 
closed. It does this by applying logic 0 to one of the output lines and then 
checking for a logic 0 at one of the input lines. 

A typical procedure might look like this. When the PIA is initialized, PBO 
through PB3 are set up as inputs while PB4 through PB7 are set up as 
outputs. The MPU scans the keyboard in this manner. PB4 is reset to 0 by 
storing EF 16 in output register B. Next, the B side is read out. If switch 0,4, 
8, or C is closed, its corresponding PIA input line will be low. For 
example, if switch 8 is closed, the 0 at PB4 will pull PBl low. By 
examining lines PBO through PB3 , the MPU can tell which switch (if any) 
is closed. 

If no switch is closed in the first column, PB5 is reset to 0 by storing DF 16 
in output register B . The MPU can now check to see if switch 1 , 5 , 9 , or D is 
closed. 

The technique just described allows the MPU to handle a large number of 
switches with a single PIA. Using both sides of the PIA, the MPU could 
handle an 8 by 8 matrix of 64 1 0 switches. This technique will be explored 
in more detail in an interfacing experiment. 
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Self-Test Review 

21. Refer to Figure 8-19. Write a short program that will initialize the 
PIA in the proper configuration. 

22. Refer to Figure 8-19. Which side of the PIA determines which 
display is selected? 

23. Refer to Figure 8-19. Assume that the PIA has been properly in- 
itialized. Write a simple program segment that will display the 
numeral 4 on display number 7. 

24. Refer to Figure 8-21. In order for this scheme to work, both sides of 
the PIA must be configured as 

25. Refer to Figure 8-2 1 . How does the MPU tell that switch 9 is closed? 

26. How can the B side of the PIA be set up as shown in Figure 8-22? 

27. Refer to Figure 8-22. How does the MPU tell that switch 7 is closed? 

28. If both sides of the PIA are used, how many switches can be 
handled using the matrix technique? 
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ANSWERS 

21. Assuming that the PIA was initially reset, a typical initialization 
routine would be: 



LDAA 


#FF 


STAA 


4004 


STAA 


4006 


LDAA 


#04 


STAA 


4005 


STAA 


4007 



22. The B side. 

23. Keep in mind that Q 7 must conduct and that pins b, c, g, and f must 
be high. Thus, the following instructions could be used: 



24. inputs. 

2 5. The MPU reads in data from both sides of the PIA and compares this 
data with several different bit patterns. If switch 9 is closed, the bit 
pattern from the B side will be FD 16 . 

26. The output register of the B side is configured in this manner 
during the initialization process by storing OF 16 in the B side data 
direction register. 

27. The MPU periodically resets line PB7 to 0. If PB2 is subsequently 
found to be 0, the MPU knows that switch 7 is closed. 

28. Up to 64 10 . 



LDAA 
STAA 
LDAA 
STAA 



#80 
4006 
#99 
4004 
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INTERFACING EXPERIMENTS 

The interfacing experiments are included in Unit 10 of this course. Go to 
Unit 10 and perform experiments 5 through 9. Some of these experiments 
are quite involved and you should not attempt more than one experiment 
per sitting. 
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UNIT EXAMINATION 

1. In some microcomputer systems, input data from a keyboard is 
read repeatedly before it is accepted. 

A. This speeds up the MPU. 

B. This prevents two keys from being read at once. 

C. This overcomes contact bounce. 

D. All the above. 

2. Refer to the program shown in Figure 8-5. Assume that key 6 is 
depressed. What hex number will be in accumulators A and B 
after the COMB instruction at line 18 is executed? 

A. ACCB = 40 16 , ACCA = 00 16 . 

B. ACCB = 60 16 , ACCA = 00 a6 . 

C. ACCB = 06 16 , ACCA = 00 a6 . 

D. ACCB = 00 16 , ACCA = 06 a6 . 

3 . The purpose of the PIA is to: 

A. Simplify the problem of interfacing the MPU to the ROM. 

B. Simplify the problem of interfacing the MPU to the RAM. 

C. Simplify the problem of interfacing the MPU to input/output 
devices. 

D. Act as a universal input/output device. 

4. The advantage of the PIA over conventional combinational logic 
circuits is: 

A. Generally, fewer ICs are required. 

B. The PIA is more flexible since its characteristics can be 
changed by the program. 

C. In many cases, the PIA requires no separate address decoder. 

D. All the above. 

5. The A side of the PIA is selected when: 

A. RSO = 0. 

B. RSO = 1. 

C. RSI = 0. 

D. RSI = 1. 

6. To select output register A of the PIA: 

A. RSO must be 0 and bit 2 of control register A must be 0. 

B. RSO must be 1 and bit 2 of control register A must be 0. 

C. RSO must be 0 and bit 2 of control register A must be 1. 

D. RSO must be 1 and bit 2 of control register A must be 1. 
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7. When the PIA is reset: 

A. Both sides are configured as outputs. 

B. Both sides are configured as inputs. 

C. The A side is configured as outputs while the B side is 
configured as inputs. 

D. The B side is configured as outputs while the A side is 
configured as inputs. 

8. Refer to Figure 8-19. Which of the following sequences will cause 
display 4 to display the number 1. 

A. LDAA #01 B. LDAA #9F C. LDAA #60 D. LDAA #10 

STAA 4004 STAA 4004 STAA 4004 STAA 4004 

LDAA #04 LDAA #10 LDAA #10 LDAA #04 

STAA 4006 STAA 4006 STAA 4006 STAA 4006 



9. Refer to Figure 8-19. All displays can be blanked by storing: 

A. FF at address 4004. 

B. 00 at address 4006. 

C. FF at address 4004 and 00 at address 4006. 

D. Any of the above. 

10. Refer to Figure 8-22. An indication that switch A is closed is: 

A. PBl goes low when PB6 goes low. 

B. PB0 through PB4 are all high. 

C. PBl goes low when PB6 goes high. 

D. PB0 goes low when PB6 goes low. 
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UNIT 9 

PROGRAMMING EXPERIMENTS 



This Unit contains ten programming experiments that are to be run on the 
Microprocessor Trainer. At the end of Units 1 through 6, you will be 
instructed to perform one or more of these experiments. Do not confuse 
these with the Interfacing Experiments which are in Unit 10. 

The early programs given in this Manual are extremely simple. The later 
programs are more complex, but you will be able to accomplish them as 
you become familiar with the instruction set and programming 
techniques. Before you finish this course, you will be writing programs 
that will turn the trainer into a clock, a musical instrument, a digital 
voltmeter, etc. 




INTRODUCTION 



When you complete an experiment, return to the activity guide of the unit 
that directed you to the experiment. This is important because you will be 
jumping from one point to another quite frequently. 
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Experiment 1 

BINARY/DECIMAL TRAINING PROGRAM 

OBJECTIVES: 

To improve your ability to convert binary numbers to their 
decimal equivalent. 

To improve your ability to convert decimal numbers to their 
binary equivalent. 

To present the proper procedure for entering a program into the 
ET-3400 Microprocessor Trainer. 

To demonstrate the versatility of the ET-3400 Microprocessor 
Trainer and microprocessors in general. 



Introduction 

In Unit 1, you were introduced to the binary number system. As you 
proceed through this course, you will find the need to convert binary 
numbers to decimal, and decimal numbers to binary. To improve your 
ability to make these conversions, you will enter a program into the 
Microprocessor Trainer to allow it lo act as your instructor. In the first 
half of this experiment, you will use the Trainer to practice binary-to- 
decimal conversion. 

When you use the Trainer, carefully follow all of the operating instruc- 
tions. A microprocessor can only perform properly if it is programmed 
properly. However, you do not need programming experience at this 
time; just follow the instructions provided in this experiment. Do not 
worry about what you are entering. 

The Trainer Manual contains a great amount of useful information in the 
Operation Section. You should review that section before you proceed 
with this experiment. 



If your Trainer has been modified for use with the Heathkit Memory I/O 
Accessory, unplug the Trainer from the AC wall receptacle. Disconnect 
the 40-pin plug that connects the Trainer to the Memory I/O Accessory. 

If your Trainer is Model number ET-3400, reinstall the 2112 RAM IC's at 
IC14 through IC17 before starting the experiments in this unit. 

If your Trainer is model number ET-3400 A, reinstall the 2 1 14 RAM IC's at 
IC14 and IC15 before starting the experiments in this unit. 
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Procedure 

1 . Plug in the Trainer and push the POWER switch on. Then momen- 
tarily press the RESET key. The display should show CPU UP. 

2. Push the AUTO (automatic) key. Displays H, I, N, and Z will show 
"prompt" characters (bottom segment of each digit illuminated), 
and displays V and C will show Ad. NOTE: The letters identifying 
each display are located near their bottom right corners. 

3. Push the 0 key three times. O's will appear in displays H, I, and N. 

4. Push, but do not release the 0 key. A 0 will appear in display Z. Now 
release the key. The 0 will not change, but displays V and C will 
now show prompt characters. 

NOTR: The Trainer is now ready to receive program data. If you 
make a data error while entering the program, do not attempt to 
correct the error; continue programming. Any errors will be located 
and corrected when you examine your program. 

5. Using the Trainer keys, enter the Binary-to-Decimal training pro- 
gram shown in Figure 9-1. At each address specified, press the 
appropriate inst/data (program instruction or data) number keys 
(most significant number first). Displays V and C will show the 
inst/data word you have entered. Note that as you release the 
second data key, address displays H, I, N, and Z will increment 
(count up one), and displays V and C will again show prompt 
characters. When you get to the end of the program, press the 
RESET key as indicated. 
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Figure 9-1 
Binary-to-decimai training program. 
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6. Now that you have entered the Binary-to-Decimal training pro- 
gram, you must examine the data for errors. Use the following 
sequence to examine the data and correct any errors. 

A. Press the EXAM (examine) key. Note that the display is now 
asking for a 4-digit address ( Ad.) 

B. Enter the beginning address of the program (0000). As soon as 
the last address digit is entered, displays V and C show the 
contents of that memory location. NOTE: The address is a 
memory location in the Trainer. 

C. Now compare the displayed address and data with the address 
and inst/data columns in the program. 

D. If the displayed data is incorrect, press the CHAN (change) key. 
The data displays will now show prompt characters. Enter the 
correct data. 

E. Press the FWD (forward) key. The address will increment and 
the data for that memory location will be shown. Correct the 
data if necessary. 

F. Continue to step through the program with the FWD key, and 
correct data as necessary, until you reach the end of the pro- 
gram. It is not necessary to examine or modify the memory 
beyond address 007C since it will have no effect on the pro- 
gram. 

7. Press the RESET key. 

8. Press the DO key, then enter address 0002. The display should 
show GO. If the display shows a different number or word, or goes 
blank, your program contains an error. Repeat steps 6 through 8. 

9. Press the F key. A 6-bit binary number should appear in the display. 
This is a random number and should change in value when you are 
told to "GO" next time. 

10. Examine the binary number and determine its decimal value. Then 
press the D key. Two prompt characters should appear in the 
display. 
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11. Enter the decimal value of the binary number previously displayed 
(most siginficant digit first.) For values less than 10, enter a 0 before 
you enter the value. After a short period of time, the Trainer will 
indicate whether or not your answer is correct. 

12. If your answer was correct, the Trainer will display YES. A moment 
later, the word GO w r ill replace the decimal number. 



If your answer was incorrect, the Trainer will display NO. The same 
binary number will again be displayed. Determine and enter the 
decimal value as described in steps 10 and 11. 



13. Refer again to steps 9 through 12 and practice converting binary 
numbers to their decimal equivalent. You should obtain 10 correct 
answers in succession before you continue with this experiment. 

Discussion 

Now that you have used the Trainer and its microprocessor, you have 
accomplished three objectives. First, you are becoming proficient in 
binary-to-decimal conversion. Second, you have been introduced to the 
correct method for entering, examining, and modifying a program. Third, 
you have been shown how a simple set of instructions can produce a 
powerful training aid. However, you should remember, a microprocessor 
can only perform what you tell it. One incorrect instruction can produce 
totally unexpected results. 

Now, reprogram the Trainer for decimal-to-binary instruction. Since you 
will be using the same memory locations used in the first half of this 
experiment, the Binary-To-Decimal program will disappear. 

Procedure (Continued) 

14. Press the RESET key. 

15. Press the AUTO key, and enter address 0000. 

16. Using the Trainer keys, enter the Decimal-to-Binary training pro- 
gram shown in Figure 9-2. 

17. Now that you have entered the Decimal-to-Binary program, press 
the EXAM key and enter address 0000. 
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Figure 9-2 

Decimal-to-binary training program. 
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18. Using the FWD key, compare the Trainer memory contents with the 
program address and inst/data listing. If you must correct any data, 
press the CHAN key and enter the proper data. 

19. After you have checked the program, press the RESET key. 

20. Press the DO key, then enter address 0001. The display should 
show GO. If the display shows a different number or word, or goes 
blank, your program contains an error. Repeat steps 1 7 through 20. 

21. Press the F key. A 2-digit decimal number should appear in the 
display, next to the word GO. This is a random number and should 
change in value when you are told to "GO" next time. 

22. Examine the decimal number and determine its binary value. Then 
press the D key. Six prompt characters should appear in the dis- 
play. 

23. Enter the binary value of the decimal number previously displayed, 
beginning with the most significant bit (MSB). If the decimal value 
is less than 32, be sure to enter any leading zeros. NOTE: Although 
the program will accept any number combination, you should use 
only l's and 0\s. 

24. If your answer was correct, the Trainer will display YES a short 
time after you enter the last binary bit. A moment later, the Trainer 
will display GO. 

If your answer was incorrect, the Trainer will display NO a short 
time after you enter the last binary bit. A moment later, the same 
decimal number will be displayed again. Determine and enter the 
binary value as described in steps 22 and 23. 

25. Refer again to steps 21 through 24 and practice converting decimal 
numbers to their binary equivalent. You should obtain 10 correct 
answers in succession before you continue with this experiment. 

Discussion 

In this half of the experiment, you were given further experience in 
programming with the ET-3400 Microprocessor Trainer. You also im- 
proved your ability to readily translate decimal numbers into binary. This 
ability will become very useful as you progress through the Microproces- 
sor Course. 
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Figure 9-2 
Decimal-to-binary training program. 
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18. Using theFWD key, compare the Trainer memory contents with r 
program address and inst/data listing. If you must correct any data, 
press the CHAN key and enter the proper data. 

19. After you have checked the program, press the RESET key. 

20. Press the DO key, then enter address 0001. The display should 
show GO. If the display shows a different number or word, or goes 
blank, your program contains an error. Repeat steps 17 through 20. 

21. Press the F key. A 2-digit decimal number should appear in the 
display, next to the word GO. This is a random number and should 
change in value when you are told to "GO" next time. 

22. Examine the decimal number and determine its binary value. Then 
press the D key. Six prompt characters should appear in the dis- 
play. 

23. Enter the binary value of the decimal number previously displayed, 
beginning with the most significant bit (MSB). If the decimal value 
is less than 32, be sure to enter any leading zeros. NOTE: Although 
the program will accept any number combination, you should use 
only Ts and 0's. 

24. If your answer was correct, the Trainer will display YES a short 
time after you enter the last binary bit. A moment later, the Trainer 
will display GO. 

If your answer was incorrect, the Trainer will display XO a short 
time after you enter the last binary bit. A moment later, the same 
decimal number will be displayed again. Determine and enter the 
binary value as described in steps 22 and 23. 

25. Refer again to steps 21 through 24 and practice converting decimal 
numbers to their binary equivalent. You should obtain 10 correct 
answers in succession before you continue with this experiment. 

Discussion 

In this half of the experiment, you were given further experience in 
programming with the ET-3400 Microprocessor Trainer. You also im- 
proved your ability to readily translate decimal numbers into binary. This 
ability will become very useful as you progress through the Microproces- 
sor Course. 



Programming Experiments 

Experiment 2 

HEXADECIMAL/DECIMAL TRAINING PROGRAM 

OBJECTIVES: 

To practice the conversion of decimal numbers to their 
hexadecimal equivalent. 

To practice the conversion of hexadecimal numbers to their 
decimal equivalent. 

Introduction 

Binary numbers are used in all microprocessors to represent data and 
instructions. But binary numbers are difficult to work with — especially 
when the number contains 8 10 bits or more. To simplify programming, 
microprocessor designers usually use other number systems, like octal or 
hexadecimal, to represent binary data. Both octal and hexadecimal are 
just shorthand notations of binary numbers. Although the numbers are 
entered in hexadecimal or octal, the microprocessor "sees" them as 
binary. This simplifies programming. 

For example, the binary number 10011111 2 requires eight key closures 
for entry. Fortunately, this same number can be represented in 
hexadecimal as 9F 16 and requires only two key closures for entry. Fewer 
key closures means less programming errors and more efficient prog- 
ramming. 

Your Microprocessor Trainer is based on the hexadecimal number 
system. You probably noticed this when you loaded the programs in the 
previous experiment; all instructions were coded in hexadecimal. The 
Microprocessor Trainer normally displays data in hexadecimal form. Of 
course, special programs allow the Trainer to accept binary or decimal 
numbers, as you saw in the first experiment. However, these special 
programs waste a portion of the microprocessors potential power and 
aren't necessary because you can make the conversion from decimal to 
hexadecimal with a little practice. That's the purpose of this experiment . 
. . to sharpen your conversion skills. 

Again, you will use the Microprocessor Trainer for this purpose. First, 
you'll enter a program that allows you to practice conversion from deci- 
mal to hexadecimal. Then you'll load the second program that reverses 
the process. You'll find that it's not as difficult as it might appear. 
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Now briefly review decimal-to-hexadecimal conversion. Initially, it's 
helpful to make up a chart of decimal numbers and their hexadecimal 
equivalents, as shown here. 
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Recall that hexadecimal is a base 16 10 number system. Both systems use 
identical numbers from 0 through 9. However, at decimal number 10. the 
hexadecimal system shifts to characters of the alphabet, as shown by the 
letters A through F. Conversion of a decimal number to it's hexadecimal 
equivalent is a simple process where the decimal number is repeatedly 
divided by 16 10 , with the remainder producing the equivalent hexadeci- 
mal number. This example will use only 2-digit numbers, since that's 
what you'll be converting in this experiment. 

Suppose you want to convert 92 10 to hexadecimal. The first step is to 
divide 92 10 by 16 l0 as shown below. 

5 

16 JQ2~ 
- 80 

Remainder 1210= C 16 <— LSD 

The quotient is 5, but remember, we aren't concerned with this at the 
moment. We're interested in the remaind er, in this case 12 Wf Decause it 
forms the LSD of the equivalent hexadecimal number. Now, refer to the 
chart and find that 12 10 = C 16 and write this down as the LSD of the hex 
equivalent. The next step is to take the quotient of the previous division, 
in this case 5 10) and divide it by 16 10 , as shown below. 

0 

16 ) 5 
- 0 



Remainder —> 5 !0 = 5 l6 «— MSD 



Of course, the quotient of this division is 0, signifying that the remainder, 
5 10 , is the MSD of the hexadecimal number. Checking the chart, you find 
that 5 10 = 5 36 . Combining the MSD (5 16 ) and LSD (C 16 ), you find that the 
hex equivalent of 92 10 is 5C 16 . You'll find that., after you've made the 
conversion a few times, youil be able to do them in your head. You'll get 
that practice in this experiment. 
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Procedure 

1. Turn on the Trainer and press the RESET key. 

2. Press AUTO and then enter address 0000. 

3. Now enter the Decimal-to-Hexadecimal training program, shown 
in Figure 9-3, into the Trainer. When you've entered the last pro- 
gram instruction press the RESET key as shown at the end of the 
program. 
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BC 






0018 


BD 


003C 


OA 


0060 


7E 






0019 


FE 


003D 


20 \ 


0061 


00 






001A 


20 


003E 


F8 1 


0062 


16 






001B 


B6 


003 F 


CB 


0063 


36 






001C 


CO 


0040 


10 


0064 


BD 






001D 


06 


0041 


IB 


0065 


00 






001E 


46 


0042 


33 


0066 


73 






001F 


25 


0043 


11 


0067 


32 






0020 


FA \ 


0044 


26 


0068 


01 






0021 


BD 


0045 


OD 


0069 


BD 






0022 


FC ! 


0046 j 


BD 


006A 


FD 






0023 


BC 


0047 


FE 


006B 


8D 







* This data may change randomly Figure 9-3 

Decimal-to-hexadecimal training program 
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4. Check the stored program by first pressing the EXAM key and then 
entering address 0000. Now use the FWD key to step through the 
program, comparing the contents of memory with the program in 
Figure 9-3. Remember, the four left-most digits of the display 
represent the memory address and the two digits at the right are the 
contents of memory that should correspond with the INST/DATA 
listing of the program. If you find a mistake, correct it by first 
pressing the CHAN key and then entering the proper data. 

5. When you're satisfied that the program is correct, press the RESET 
key. 

6. Now it's time to execute the program. Do this by pressing the DO 
key and then entering address 0001. The word "GO" should now 
appear in the two left-most digits. If the display is blank, or if other 
numbers or letters appear, there is an error in the program and steps 
4 and 5 should be repeated. 

7. Now press the F key. A 2-digit "decimal" number will appear on 
the display. The Trainer is asking you to convert this decimal 
number to its hexadecimal equivalent. Therefore, examine the dec- 
imal number and then convert it to hexadecimal. 

8. Enter your answer by first pressing key D. Two prompt characters 
will appear in the left-most digits. Now enter your hexadecimal 
number. 

If you respond correctly, the Trainer will display "YES" for a short 
period and then give you another "GO." Pressing the F key will 
cause another random number to be displayed. 

An incorrect response will result in the word "NO" on the display. 
After a short delay, the original decimal number will reappear and 
you should try the conversion process again. This cycle continues 
until you arrive at the correct answer. 

9. Repeat steps 7 and 8, practicing conversion until you're confident 
of your ability. A good guideline to follow is ... . when you answer 
10 consecutive queries correctly, you're probably proficient. 
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Discussion 

As you worked through the exercises in this experiment, you probably 
developed your own shorthand method of conversion. After a few 
queries, you probably found that you didn't need the decimal-to- 
hexadecimal conversion chart any longer . . . you had the chart commit- 
ted to memory. Perhaps you noticed that when 16 10 is divided into the 
2-digit decimal numbers used in this experiment, the resulting quotient 
always equals the MSD of the hexadecimal equivalent. Naturally, the 
remainder is the LSD. However, this only works for decimal numbers less 
than 159 10 . For larger numbers, the procedure studied earlier must be 
used. 

Since the Microprocessor Trainer displays data in hexadecimal and we 
naturally think in decimal, the conversion process must be reversed to 
interpret output data from the Trainer. For example, if the Trainer is 
programmed to add the numbers 1A 16 and 9B l6 , the result B5 16 will be 
displayed. This hexadecimal number means very little. To understand 
the result, you must convert the sum (B5 16 ) to its decimal equivalent 
(181 10 ). Now the answer is clear. 

Several methods can be used to change hexadecimal numbers to decimal. 
One process uses double conversion; first, the hexadecimal number is 
reduced to its binary equivalent; next, the resulting binary number is 
transformed into the resulting decimal equivalent. 

Another, more commonly used method, is to use positional notation, 
inherent in any number system, and multiply each digit by its weighted 
value and then add the products. For example, the decimal equivalent of 
the hex number 11 16 is derived as shown below: 

16° Positional Weights 
1 

1 x 16° = 1 



Assign Weights: 16 1 
1 

Weight x Digit: 1 x 16 1 = 16 1 

Add Products: 16 + 1 = 17 

Final Result: 11 16 = 17 10 



The first step is to assign positioned weights to each digit. Since the 
number is hexadecimal, each position represents a power of 16 10 . Next, 

multiply each digit by its positional weight. Finally, add the products. i 
The resulting sum is the decimal equivalent. Therefore, as shown in the 
example, 11 16 is equal to 17 10 . 
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Now try a problem that's a bit more difficult . . , converting 6B 16 to 
decimal. To begin with, this expression hardly looks like a number. 
Instead, it's a combination of a number and a letter. However, the notation 
at the bottom of the expression denotes a base 16 number so we know it's 
hexadecimal. The translation process is almost identical to the previous 
example. The only difference being that the hexadecimal "letter'' must be 
changed to decimal before it can be multiplied by the positional weight. 
The conversion process is shown below. 

Assign Weights: 16 1 16° 

6 B 

Convert to Decimal: 6 16 = 6 10 -< ' ' B 16 = 11 10 

Weight x Digit: 6 x 16 1 = 96 11 X 16° = 11 

Add Products: 96 + 11 = 107 

Final Result: 6B 16 = 107 10 



Again, we begin by assigning positional weights to each digit. However, 
now the second step is to convert the hexadecimal characters to decimal 
numbers. Recall that 6 J6 is equal to 6 10 and that B 16 equals 11 10 . Now 
multiply the weight by the decimal numbers, add the products and obtain 
the final result. As shown, the decimal equivalent of 6B 18 is 107 !0 . 

In the next section of this experiment, you will load a hexadeciinal-to- 
decimal training program in the Trainer and then practice hexadecimal- 
to-decimal conversion. 

Procedure (Continued) 

10. Prepare to enter the new program by pressing the RESET key. Next 
press the AUTO key and then enter address 0000. 

11. Refer to Figure 9-4 and enter the Hexadecimal-to-Decimal training 
program listed there. When you've entered all of the instructions, 
press the RESET key as indicated at the end of the program. 

12. Check the program that you've loaded by pressing the EXAM key 
and then entering address 0000. Use the FWD key to step through 
the program, comparing the stored program with the program 
listing in Figure 9-4, Use the CHAN key to correct any errors that 
you find. 

When you are satisfied that the program is correct, press the RESET 
key. 
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ADDRESS 


INST/DATA 


ADDRESS 


INST/DATA 


ADDRESS 


INST/DATA 


ADDRESS 


INST/DATA 


0000 


00 


0024 


BD 


0048 


FE 


006C 


8D 


0001 


CE 


0025 


FC 


| 0049 


52 


006D 


00 


0002 


CI 


0026 


BC 


004A 


00 


006E 


00 


0003 


6F 


0027 


BD 


004B 


3B 


006F 


00 


0004 


BD 


0028 


FE 


004C 


4F 


0070 


00 


0005 


FE 


0029 


52 


004D 


DB 


0071 


00 


0006 


50 


002A 


08 


004E 


BD 


0072 


80 


0007 


5E 


002B 


08 


004 F 


00 


0073 


39 


0008 


FE 


002C 


00 


0050 


64 


0074 


86 


0009 


96 


002D 


00 


0051 


7E 


0075 


02 


000A 


00 


002E 


00 


0052 


00 


0076 


CE 


000B 


4C 


002F 


80 


0053 


01 


0077 


00 


OOOC 


81 


0030 


BD 


0054 


BD 


0078 


00 


000D 


63 


0031 


FC 


0055 


FE 


0079 


09 


000E 


23 


0032 


BC 


0056 


52 


007A 


26 


OOOF 


01 


0033 


BD 


0057 


00 


007B 


FD 


0010 


4F 


0034 


FE 


0058 


00 


007C 


4A 


0011 


97 


0035 


09 


0059 


15 


007D' 


26 


0012 


00 


0036 


5F 


005A 


9D 


007E 


F7 


0013 


B6 


0037 


80 


005B 


BD 


007F 


39 


0014 


CO 


0038 


10 


005C 


00 




RESET 


0015 


03 


0039 


25 


005D 


64 






0016 


46 


003A 


04 


00 5E 


BD 






0017 


25 


003B 


CB 


005F 


FC 






0018 


FO 


003C 


OA 


0060 


BC 






0019 


96 


003D 


20 


0061 


7E 






001A 


00 


003E 


F8 


0062 


00 






001B 


BD 


003 F 


8B 


0063 


19 






OOlC 


FE 


0040 


10 


0064 


36 






001D 


20 


0041 


IB 


0065 


BD 






001E 


B6 


0042 


D6 


0066 


00 






001F 


CO 


0043 


00 


0067 


74 






0020 


06 


0044 


11 


0068 


32 






0021 


46 


0045 


26 


0069 


01 






0022 


25 


0046 


OD 


006A 


BD 






0023 


FA 


0047 


BD 


006B 


FD 







Figure 9-4 
Hexadecimal- to-decimal training program 
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13. Now execute the program by first pressing the DO key and then 
entering address 0001. The word "GO" should appear on the dis- 
play. The absence of this word indicates a programming error and 
you should go back and recheck the program as outlined in step 12. 

14. Now press the F key. A 2-digit "hexadecimal" number will appear. 
The Trainer is asking for the decimal equivalent of this number. 
Convert the hexadecimal number into its decimal equivalent. Then 
enter your answer by pressing the D key. Two prompt characters 
will appear. Now enter your answer. 

If your response is correct, the Trainer will display "YES." You can 
then continue these conversion exercises by again pressing the F 
key. 

However, if your answer is incorrect, the Trainer will display 
"NO." After a short delay, the original hexadecimal number will 
reappear, and you can try again. 

15. Continue the conversion training program until you are confident 
of your ability to change hexadecimal numbers to decimal num- 
bers. The standard of ten correct conversions in a row is a good 
guideline. 



Discussion 

The translation of hexadecimal numbers into decimaJ equivalent num- 
bers is an important part of your training. 

You will find this skill is extremely handy when you begin to write 
programs later in this course. Now you should be able to convert between 
hexadecimal and decimal numbers with ease. Perhaps you even de- 
veloped your own shorthand methods for these translations. If so, use 
them. However, a word of caution ... be sure they work for all numbers. 
As mentioned previously, some techniques work with small numbers, 
but not with large numbers. 
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Experiment 3 

STRAIGHT LINE PROGRAMS 

OBJECTIVES: 

To demonstrate the instructions presented in Unit 2 with sim- 
ple programs. 

To present three new instructions and use them in simple 
programs. 

To demonstrate some programming pitfalls. 

To demonstrate the difference between RAM and ROM. 

Introduction 

Unit 2 introduced you to the basic microprocessor and its internal struc- 
ture. You also learned six basic microprocessor instructions that are 
represented by 8-bit binary numbers called "op codes." Op codes allow 
you to use the microprocessor for data manipulation. Figure 9-5 lists the 
six instructions and their op codes. It also lists three new instructions that 
you will use in this experiment. These new instructions use the inherent 
addressing mode described in Unit 2. 

This is the first experiment to introduce microprocessor instructions that 
you can identify. There are a number of Trainer keyboard commands that 
you must learn in order to examine and use the microprocessor instruc- 
tions. The Trainer commands that you should know for this experiment 
are: 

DO — Execute the program, beginning at the address specified after this 
key is pressed. 

EXAM (examine) — Display the address and memory contents at the 
address specified after this key is pressed. Memory contents can be 
changed by pressing the CHAN key and entering new data. 

FWD (forward) — Advance to the next memory location and display the 
contents. 

CHAN (change) — Open the memory location being examined so that 
new data can be entered. 
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NAME 


MNEMONIC 


OPCODE 


DESCRIPTION 


Load Accumulator 
(Immediate) 


LDA 


1000 0110, 
or 

86 16 


Load the contents of the next memory 
location into the accumulator. 


Add 

(Immediate) 


ADD 


1000 1011,. 
or 


Add the contents of the next memory 
location to the present contents of the 
accumulator. Place the sum in the 
accumulator. 


Load Accumulator 
(Direct) 


LDA 


1001 0110, 
or 
96 lfi 


Load the contents of the memory 
location whose address is given by 
the next byte into the accumulator. 


Add 
(Direct) 


ADD 


1001 1011 2 
or 

9B lfi 


Add the contents of the memory location 
whose address is given by the next byte 
to the present contents of the accumulator. 
Place the sum in the accumulator. 


Store Accumulator 
(Direct) 


STA 


1001 0111, 
or 

97 1B 


Store the contents of the accumulator in 
the memory location whose address is 
given by the next byte. 


Halt 

(Inherent) 


HLT 


0011 1110. 
or 


Stop all operations. 


Clear Accumulator 
(Inherent) 


CLRA 


0100 1111, 
or 

4F lfi 


Reset all bits in the accumulator 
to 0. 


Increment 

Accumulator 

(Inherent) 


INCA 


0100 1100. 
or 
4C„, 


Add 1 to the contents of 
the accumulator. 


Decrement 

Accumulator 

(Inherent) 


deca ; 


0100 1010,, 
or 
4A lfi 


Subtract 1 from the contents of the 
accumulator. 



Figure 9-5 
Instructions used in Experiment 3. 
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BACK — Go back to the previous memory location and display the 
contents. 

AUTO (automatic) — Open the memory location specified, after this key 
is pressed, so that data can be entered. After data has been entered, 
automatically advance to the next memory location and wait for data. 

SS (single step) — Go to the address specified by the program counter and 
execute the instruction at that address. Wait at the next instruction. 

ACCA (accumulator) — Display the contents of the accumulator when 
this key is pressed. Accumulator contents can be changed by pressing the 
CHAN key and entering new data. 

PC (program counter) — Display the contents of the program counter. 
This points to the next location in memory that the microprocessor will 
"fetch" from. Program counter contents can be changed by pressing the 
CHAN key and entering the new address. 

RESET — Clear any Trainer keyboard commands and display "CPU UP." 
Memory contents and microprocessor contents are not disturbed. 

You have access to all of these keyboard commands after the RESET key is 
pressed. 

In this experiment, you will load some simple straight-line programs into 
the Trainer and examine how the microprocessor executes them. In its 
normal mode of operation, the microprocessor executes programs much 
too fast for a person to follow. It can execute hundreds of thousands of 
instructions each second. To allow us to witness the operation of the 
MPU, this high speed operation must be slowed down. The Microproces- 
sor Trainer has a mode of operation that allows us to control the execution 
of single instructions. In this single-step mode, we can look at the con- 
tents of the accumulator, the program counter, and various memory 
locations, after each instruction is executed. In this way, we can follow 
exactly how the computer performs each step of the program. For this 
reason, you will use the single-step mode for most of the programs in this 
experiment. 
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Procedure 

1. Switch your Trainer on, and press the RESET key. 

2. Your first program will use the immediate addressing mode to add 
two numbers. Press AUTO and enter starting address 0000. Then 
load the hex contents of the program listed in Figure 9-6. 



HEX 


HEX 


MNEMONICS/ 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS 




0000 


86 


LDA 


Load accumulator immediately with 


0001 


21 


33 1( , 


Operand 1. 


0002 


8B 


ADD 


Add to accumulator immediately with 


0003 


17 


23 10 


Operand 2. 


0004 


3E 


HLT 


Stop. 



Figure 9-6 

Addition of two numbers through the immediate addressing mode. 



3. Press the RESET key, then examine your program to make sure it 
was properly entered. Always examine your program after it is 
entered. 

4. Press the ACCA key and record the value This is a random 

number since no data has been loaded. 

5. Press the PC key, then change the contents of the program counter 
to 0000 (the starting address of your program). 

6. Press the SS key. This lets the Trainer execute the first instruction. 
The display should show 00028b. 0002 represents the address of 
the next instruction; 8b is the next instruction. 

7. Press the ACCA key and record the value , The first program 

instruction w r as LDA, and the next byte contained the data 
(operand) to be loaded, which is 21 18 . This should be the value you 
recorded in this step. 

8. Press the PC key and record the value This value points to the 

next memory location, which should be 0002. 
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You may have noted that the address 0002 and instruction 8b were 
displayed when you first pressed the SS key. This would seem to 
indicate that 8b was already fetched and the program counter 
should point to address 0003. However, the control program allows 
the Trainer to "look" at the next instruction. 

9. Press the SS key and record the value The second 

instruction has been executed and the display should show the 
next instruction and its address. 

10. Press the ACCA key and record the value The second operand 

has been added to the first operand and the sum is stored in the 
accumulator. 

11. Press the SS key. Note that the display does not change. This is 
because the next instruction was a halt instruction (3E 16 ). The 
Trainer is preprogrammed to stop at a halt instruction. It also loses 
control of the single-step function when the halt instruction is 
implemented. 

12. Enter the program (HEX contents) listed in Figure 9-7. Then 
examine the program to make sure it is properly entered. 



HEX 


HEX 


MNEMONICS/ 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS j 




0000 


96 


LDA 


Load accumulator direct with 


0001 


07 


07 lfl 


operand 1 which is stored at this address. 


0002 


9B 


ADD 


Add to accumulator direct with operand 2 


0003 


08 


08 lfl 


which is stored at this address. 


0004 


97 


STA 


Store the sum 


0005 


09 


09 afi 


at this address. 


0006 


3E 


HLT 


Stop. 


0007 


20 


32 m 


Operand 1. 


0008 


17 


23,0 


Operand 2. 


0009 


00 


00 


Reserved for sum. 



Figure 9-7 

Addition of two numbers through the direct addressing mode. 



13. Press the ACCA key and record the value This is the value 

obtained in the previous program, a value you entered prior to this 
program, or a random value produced when you plugged in the 
Trainer. 
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14. Enter the program starting address into the program counter and 
single-step through the program. Record the specified information 
after each step. 

Step 1 display 

ACCA _ 

Step 2 display 

ACCA _ 

Step 3 display 

ACCA_ _. 

15. Examine address 0009. Its value is This value should be identi- 
cal to the value now stored in the ACCA. 

16. Now compare your recorded data with the program in Figure 9-7. 
This will give you a general picture of how the microprocessor uses 
various instructions and data to perform a desired function. 

17. Change the data in the ACCA and at address 0009 to FF, then 
execute the program with the DO key. This is done by depressing 
the DO key and then entering the address of the first instruction 
(0000). This allows the MPU to execute the program at its normal 
speed. After the program runs, you must press RESET to return 
control to the keyboard. 

18. The data in the ACCA is _ _ and the data in address 0009 is 

These should be the same and equal to the sum of the two operands. 

19. The program counter contains the address This should be 

the address of the next memory location after the HLT instruction. 
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20. Now write a program of your own. Using the direct addressing 
mode, write a program that will multiply 4 times 4, by adding 4 to 
itself in three consecutive steps. The final answer should be held in 
the accumulator. After you write your program, enter it into the 
Trainer and execute it. Keep trying until it produces a final result of 
10 16 (which is 16 10 ) in the accumulator. 

One solution to the problem is shown in Figure 9-8. Yours should 
be similar, although not necessarily identical. 



HEX 


HEX 


MNEMONICS/DECIMAL 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS 




0000 


96 


LDA 


Load accumulator direct with 


0001 


09 


09 lfi 


operand 1 which is stored at this address. 


0002 


9B 


ADD 


Add to accumulator direct with 


0003 


09 


09 w 


operand 1 which is stored at this address. 


0004 


9B 


ADD 


Add to accumulator direct with 


0005 


09 


09 w 


operand 1 which is stored at this address. 


0006 


9B 


ADD 


Add to accumulator direct with 


0007 


09 


09 w 


operand 1 which is stored at this address. 


0008 


3E 


HLT 


Stop. 


0009 


04 


04 lrt 


Operand 1. 



Figure 9-8 

Multiplication of a number by another through multiple addition in the direct addressing 

mode. 



21. Load the program shown in Figure 9-8 into the Trainer. Enter the 
program starting address into the program counter and single-step 
through the program. Record the specified information after each 
step. 

Step 1 display ACCA _ 

Step 2 display ACCA _ _. 

Step 3 display ACCA _ _. 

Step 4 display ACCA _ 
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22. 



23. 



According to the microprocessor, the product of 4 18 times 4 i6 
is _ _ 16 . 

Now that you are becoming acquainted with the instructions de- 
scribed in Unit 2, examine the three instructions introduced in this 
Experiment. Enter the program listed in Figure 9-9. 



HEX 


HEX 


MNEMONICS/ 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS 




0000 


4F 


CLRA 


Clear accumulator. 


0001 


97 


STA 


Store the contents 


0002 


OA 


OA,, 


at this address. 


0003 


4C 


!NCA 


Increment accumulator. 


0004 ] 


97 


STA 


Store the contents j 


0005 


OB 


OB w 


at this address. 


0006 


4A 


DECA 


Decrement accumulator. 


0007 


97 


STA 


Store the contents 


0008 


OC 


OC,, 


at this address. 


0009 


3E 


HLT 


Stop. 


000A 


FF 


FF W 


Reserved for data. 


000B 


FF 




Reserved for data. 


oooc 


FF 


FF.,. 


Reserved for data. 



Implementation of the Clear, Increment, and Decrement instructions. 



24. Set the program counter to 0000 and single-step through the prog- 
ram. Record the specified information after each step. 



Step 1 display _ 
Step 2 display _ 
Step 3 display _ 
Step 4 display _ 
Step 5 display _ 
Step 6 display _. 



ACCA _ 
ACCA _ _. 
ACCA _ _. 
ACCA _ 
ACCA _ 
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25. Compare your accumulated data with the program in Figure 9-9. 
Note that when op codes 4F 16 , 4C 16 , and 4A 16 are executed, the 
single-step display advances only one address location. This is 
because of their inherent addressing mode; immediate and direct 
addressing modes require two locations in memory. 



26. Shown below is a program to swap the contents of two memory 
locations. Now examine the process using the Trainer. Enter the 
program listed in Figure 9-10. 



HEX 


HEX 


MNEMONICS/ 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS 




0000 


96 


LDA 


Load accumulator direct with operand 1 


0001 


10 


10,« 


stored at this address. 


0002 


97 


STA 


Store operand 1 


0003 


12 


12 I(i 


at this address. 


0004 


96 


LDA 


Load accumulator direct with operand 2 


0005 


11 


11w 


stored at this address. 


0006 


97 


STA 


Store operand 2 


0007 


10 


10 lfi 


at this address. 


0008 


96 


LDA 


Load accumulator direct with operand 1 


0009 


12 


12,« 


stored at this address. 


000A 


97 


STA 


Store operand 1 


000B 


11 


11,« 


at this address. 


oooc 


4F 


CLRA 


Clear the accumulator. 


000D 


97 


STA 


Store the contents 


000E 


12 


12, B 


at this address. 


000F 


3E 


HLT 


Stop. 


0010 


AA 


170,o 


Operand 1. 


0011 


BB 


187 l0 


Operand 2. 


0012 


00 


00 


Temporary storage. 
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Data transfer between two addresses. 
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27. Set the program counter to starting address 0000 and single-step 
through the program. Record the specified information after each 
step. 

Step 1 display ACCA _ _. 

Step 2 display ACCA _ _. 

Step 3 display ACCA _ _. 

Step 4 display ACCA _ _. 

Step 5 display ACCA 

Step 6 display ACCA _ _. 

Step 7 display ACCA _ _. 

Step 8 display ACCA _ _. 

28. Examine address: 

0010 _ _. 

0011 __. 

0012 _ _. 

29. Compare your accumulated data with the program in Figure 9-10. 
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30. Now you will examine some common programming pitfalls. With- 
out modifying the previous program, except as directed in Figure 
9-11, enter the program listed in Figure 9-11. 



HEX 


HEX 


MNEMONICS/ 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS 




0000 


86 


LDA 


Load accumulator immediately with 


0001 


4F 


79 10 


operand 1. 


0002 


97 


STA 


Store operand 1 


0003 


05 


05 18 ] 


at this address. 


0004 


4A 


DECA ! 


Decrement accumulator 


0005 


3E 


HLT 


Stop. 



31. 



Figure 9-11 
Storing data at an address in the program. 

Set the program counter to 0000 and single-step through the pro- 
gram. Record the specified information after each step. 



Step 1 display 


ACCA 


Step 2 display 


ACCA 


Step 3 display 


ACCA . 


Step 4 display 


ACCA . 


Step 5 display 


ACCA 


Step 6 display 


ACCA . 


Step 7 display 


ACCA 


Step 8 display 


ACCA . 


Step 9 display 


ACCA . 
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32. Compare your accumulated data with the program in Figure 9-11. 
Note that the data in the accumulator [operand 1) has been stored at 
address 0005. This removed the HLT instruction and allowed the 
microprocessor to continue executing any valid instructions in 
memory. In this case, the remaining unaltered instructions from 
the previous program are used. When you write a program, make 
sure you do not store data at an address that contains a needed 
instruction or data. 

33. Using the data you accumulated in step 31 of this experiment, plus 
the programs listed in Figures 9-10 and 9-11, determine the con- 
tents of address: 

0010 _ _. 

0011 _ 

0012 _ 

34. Now examine the Trainer contents at address: 

0010 __, 

0011 _ 

0012 _ _.. 

Your estimated data from step 33 , and the actual contents should be 
identical. If they are not, re-examine your calculations and the 
contents of each memory location from 0000 to 0012. You might 
have inadvertently modified the contents of an address in the 
previous steps. 
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35. Without modifying the previous program, except as directed in 
Figure 9-12, enter the program listed in Figure 9-12. 



HEX 


HEX 


MNEMONICS/ 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS 




0000 


86 


LDA 


Load accumulator immediately with 


0001 


40 


64,„ 


operand 1. 


0002 


8B 


ADD 


Add to accumulator immediately with 


0003 


OA 


10 lft 


operand 2. 


0004 


97 


STA 


Store the sum 


0005 


07 


07 Ifi 


at this address. 


0006 


4F 


CLRA 


Clear accumulator. 


0007 


00 


00 


Reserved for data. 



Figure 9-12 



Addition of two numbers with immediate addressing. 

36. Set the program counter to 0000 and single-step through the prog- 
ram. Record the specified information after each step. 

Step 1 display ACCA _ 

Step 2 display ACCA _ _. 

Step 3 display ACCA _ _. 

Step 4 display ACCA _ _. 

Step 5 display ACCA _ _. 

Step 6 display ACCA _ 

Step 7 display ACCA _ _. 

Step 8 display ACCA _ 

Step 9 display ACCA _ 
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37. Compare your accumulated data with the program in Figure 9-12. 
Note that the Trainer executed the instructions beyond address 
0007. This occured because there was no halt instruction in the 
program. Always end your program with a halt instruction. If you 
don't, the microprocessor will try to execute all of the information 
contained in memory, thinking it is part of the program. In the 
process, the program you entered may get modified. 



38. This final programming pitfall illustrates a problem almost every- 
body experiences. Enter the program listed in Figure 9-13. 



HEX 


HEX 


MNEMONICS/ 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS 




0000 


96 


LDA 


Load accumulator direct with 


0001 


07 


07 1R 


operand 1 stored at this address. 


0002 


8B 


ADD 


Add to accumulator direct with 


0003 


07 


07 w 


operand 1 stored at this address. 


0004 


88 


ADD 


Add to accumulator direct with 


0005 


07 


07 w 


operand 1 stored at this address. 


0006 


3E 


HLT 


Stop. 


0007 


05 


05 Ift 


Operand 1. 



Figure 9-13 



Multiplication of two numbers using successive addition in the direct addressing mode. 



39. Set the program counter to 0000 and single-step through the prog- 
ram. Record the specified information after each step. 

Step 1 display ACCA _ 

Step 2 display ACCA _ 



Step 3 display 



ACCA _ 
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40. Compare your accumulated data with the program in Figure 9-13. 
The program should have added 05 three times (5 x 3) for the 
answer OF. The Trainer indicates the answer is 13. This discre- 
pancy occurred because the program contains the wrong address- 
ing mode op code for the ADD function. It should be 9B rather than 
8B. Return to Figure 9-13 and change the two ADD op codes to 9B 
so the program will be correct. 

41. In Unit 2, you were shown that RAM (random access memory) was 
a read/write type memory, while ROM (read only memory) is a 
preprogrammed memory that can only be read and not written into. 
To examine these memory types, enter FF at address 0000 through 
000F. 

42. Examine the following memory locations and write down the con- 
tents next to each address. Use the first data column for each 
address. You will use the second column later. 

ADDRESS DATA DATA ADDRESS DATA DATA 



0000 


FD00 


0001 


FD01 


0002 


FD02 


0003 


FD03 


0004 


FD04 


0005 


FD05 


0006 


FD06 


0007 


FD07 


0008 


FD08 


0009 


FD09 


000A 


FD0A 


000B 


FD0B 


oooc 


FDOC 


000D 


FDOD 


000E 


FDOE 


000 F 


FDOF 



43 . Turn the Trainer power off, then unplug the line cord. Wait twenty 
seconds, then plug in the line cord and turn on the Trainer. 
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44. Examine the memory locations listed in step 42, and write down 
the contents next to each address, in the second data column. 
Compare the two sets of data. Notice the data obtained at address 
0000 through 000F changed when all Trainer power was removed. 
However, the data at address FDOO through FDOF is unchanged. 
Address 0000 is RAM, while address FDOO is ROM. Memory is lost 
from RAM when power is removed. When power is reapplied, 
random data will appear in the memory. 

Enter FF at address FDOO through FDOF. Now examine address 
FDOO through FDOF. Notice the data is identical to that obtained in 
step 42. This shows that ROM can not be written into. You can send 
data down the data bus. but the memory will not accept it. 

SUGGESTION: Use the nine instructions presented and write a few 
sample programs of your own. It's quite simple and can be great fun. 
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Experiment 4 

ARITHMETIC AND LOGIC INSTRUCTIONS 

OBJECTIVES: 



To present seven new instructions and use them in simple 
programs. 

To demonstrate 2's complement conversion. 

To demonstrate binary subtraction. 

To demonstrate binary addition of signed numbers. 

To demonstrate logical manipulation of data using the AND 
and OR instructions. 



Introduction 

In Experiment 3, you used nine instructions to write various programs. 
These instructions were: 

MNEMONIC OP CODE ADDRESSING MODE 



LDA 

LDA 

ADD 

ADD 

STA 

CLRA 

INCA 

DECA 

HLT 



86 lfi 
96 lfi 
8B lfi 
9B lfl 
97 lfi 



4C lfl 
4A lfi 
3E lfi 



Immediate 



Direct 



Immediate 

Direct 

Direct 



Inherent 
Inherent 
Inherent 
Inherent 
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Seven new instructions are presented in this experiment. Each is listed in 
Figure 9-14. 

Unit 3 examined the process of binary arithmetic, 2's complement arith- 
metic, signed number addition, and Boolean logic. Through sample 
programs, this experiment will illustrate some of the operations pre- 
sented in Unit 3. 



NAME 


MNEMONIC 


OPCODE 


DESCRIPTION 


Complement 2's 
or Negate 
(Inherent) 


NEGA 


0100 0000, 
or 


Replace the contents of the accumulator 
with its complement plus 1. 


Subtract 
(Immediate) 




1UUU UUUUo 
or 
80 lfi 


Subtract the contents of the next 
memory location from the contents 
of the accumulator. Place the 
difference in the accumulator. 


Subtract 
(Direct) 


CT TO 


1UU1 UUUU-7 

or 


Subtract the contents of the memory 
location whose address is given 
by the next byte from the present 
contents of the accumulator. Place 
the difference in the accumulator. 


AND 

(Immediate) 


ANDA 


1000 0100 2 
or 


Perform the logical AND between 
the contents of the accumulator 
and the contents of the next memory 
location. Place the result in the accumulator. 


AND 
(Direct) 


ANDA 


1001 0100, 
or 
94 M 


Perform the logical AND between 

the contents of the accumulator and 

the contents of the memory location whose 

address is given by the next 

byte. Place the result in the accumulator. 


OR, Inclusive 
(Immediate) 


ORA 


1000 1010o 
or 
8A lfi 


Perform the logical OR between the 
contents of the accumulator and 
the contents of the next memory location. 
Place the result in the accumulator. 


OR, Inclusive 
(Direct) 


ORA 


1001 1010, 
or 


Perform the logical OR between the 
contents of the accumulator and the 
contents of the memory location whose 
address is given by the next byte. 
Place the result in the accumulator. 



Figure 9-14 
Instructions introduced in this experiment. 
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Procedure 

1. In the first part of the experiment, you will determine how the 
microprocessor represents negative and positive numbers. The 
program shown in Figure 9-15 loads a positive number into the 
accumulator and then repeatedly decrements the number until it is 
negative. Enter this program into the Trainer. Verify that you en- 
tered it properly by examining each address. 

2. Go to the single-step mode by: pressing the PC key; pressing the 
CHAN key; and entering the starting address (0000). Single-step 
through the program by repeatedly pressing the SS key. Notice that 
the first instruction places +5 l0 in the accumulator. Refer to Figure 
9-16 and record the contents of the accumulator (in both hexadeci- 
mal and binary) after each DECA instruction is executed. 



HEX 


HEX 


MNEMONICS/ 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS 




0000 


86 


LDA 


Load accumulator immediate 


0001 


05 


05 


with 05. 


0002 


4A 


DECA 




0003 


4A 


DECA 


Repeatedly decrement 


0004 


4A 


DECA 


the accumulator. 


0005 


4A 


DECA 




0006 


4A 


DECA 




0007 


4A 


DECA 




0008 


4A 


DECA 




0009 


4A 


DECA 




000A 


4A 


DECA 




000B 


4A 


DECA 




OOOC 


4A 


DECA 




000D 


4A 


DECA 




000E 


4A 


DECA 




000F 


3E 


HLT 


Halt 
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Figure 9-15 

This program decrements the contents of the accumulator from +5 to -8. 
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CONTENTS OF ACCUMULATOR 


AFTER 








STEP 


DECIMAL 


HEXADECIMAL 


BINARY 


1 


4-5 


05 


0000 0101 


2 


+ 4 






3 


+ 3 






4 


_i_2 






5 


-Hi 






6 


0 






7 


-1 






8 


-2 






9 


-3 






10 


-4 






11 


-5 


FB 


1111 1011 



Figure 9-16 
Record results here. 



3. In step 7, the number in the accumulator changed from 0 to - 1. The 

microprocessor expresses -1 as _ _ 16 or 2 . The table you 

have developed in Figure 9-16 shows how the microprocessor 
expresses the signed number from +5 to -5 in both hexadecimal 
and binary. The next program will add signed numbers like these. 

4. Enter the program shown in Figure 9-17. Use the single step mode 
to execute the program. What number is in the accumulator after 

the first instruction is executed? _ _ 16 or 2 . What signed 

decimal number does this represent? 

5. What number is in the accumulator after the second instruction is 

executed? l6 or 2 . What decimal number does this 

represent? 

6. What number is in the accumulator after the third instruction is 

executed? _ _ lfl or 2 . What signed decimal number does 

this represent? 

Discussion 

These very simple examples illustrate how the microprocessor repre- 
sents signed numbers. Further experiments will show that the micro- 
processor can represent signed numbers between + 127 10 and ~128 l0 . 
You could determine the bit pattern for each negative number by clearing 
the accumulator and decrementing the required number of times. How- 
ever, there are much simpler ways of determining the proper bit pattern 
for negative numbers. 
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HEX 


HEX 


MNEMONICS/ 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS 




0000 


86 


LDA 


Load accumulator immediate 


0001 


05 


+ 5 


with +5. 


0002 


8B 


ADD 


Add immediate 


0003 


FB 


-5 


-5. | 


0004 


8B 


ADD 


Add immediate 


0005 


FC 


-4 


-4 


0006 


3E 


HLT 





Figure 9-17 
Adding signed numbers. 



The simplest way is to start with the positive binary equivalent and take 
the two's complement by changing all 0's to l's and l's to 0's and adding 
1. The microprocessor has an instruction that will do this for us. It is 
called the two's complement or Negate instruction. Its mnemonic is 
NEGA. This instruction changes the number in the accumulator to its 
two's complement. It is used to change the sign of a number. 

Procedure (Continued) 

7. Load the program shown in Figure 9-18. Use the single-step mode 
to execute the program. Execute the first instruction by depressing 

the SS key. What number is in the accumulator? _ _ 16 or 2 - 

What signed decimal number does this represent? 

8. Execute the second instruction. What number is in the ac- 
cumulator? „ 16 or 2 - What signed decimal number does 

this represent? Compare this with the number in step 7. 

What affect did the NEGA instruction have? 



HEX 


HEX 


MNEMONICS/ 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS 




0000 


86 


LDA 


Load accumulator immediate 


0001 


05 


+ 5 


with +5. 


0002 


40 


NEGA 


Change the number to -5. 


0003 


40 


NEGA 


Change it back to +5. 


0004 


4A 


DECA 


Decrement the number to +4. 


0005 


40 


NEGA 


Change the number to -4. 


0006 


40 


NEGA 


Change it back to +4. 


0007 


3E 


HLT 


Halt 



HEATHKIT 

CONTINUING 
EDUCATION 



Figure 9-18 
Using the NEGA instruction. 
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9. Execute the third instruction. What number is in the accumulator? 

16 or 2 - What signed decimal number does this 

represent? Is your answer the same as that found in step 

7? 

10. Execute the fourth instruction. This decrements the accumulator so 
that it now contains the signed decimal number 

11. Execute the fifth instruction. What number is in the accumulator? 

16 or £ . What signed decimal number does this 

represent? 

12. Execute the sixth instruction. The number in the accumulator is 
16 once more. 

Discussion 

The program used the NEGA instruction four times. The first time, the 
NEGA instruction changed 05 l6 to its two's complement FB J6 . Referring 
back to the table you developed in Figure 9-16, this is the representation 
for -5 10 . Thus, the NEGA instruction effectively changes the sign of the 
number in the accumulator. The next step proved this again by convert- 
ing -5 10 back to + 5 10 , To further emphasize the point, the number was 
decremented to + 4 10 . The next NEGA instruction changed this to FC 16 
which is the representation for -4 10 . The final NEGA instruction converts 
this back to +4 10 . This instruction allows us to convert a positive number 
to its negative equivalent and vice versa. 

In Unit 3 , you learned that the MPU can work with signed numbers in the 
range of +127 10 to - 128 10 or unsigned numbers in the range of 0 to 255 10 . 
This capability results from the way we interpret bit patterns. The follow- 
ing steps will demonstrate this. 



Procedure (Continued) 

13. Figure 9-19 shows a program for adding the unsigned numbers 
220 10 and 27 10 . Load this program into the Trainer and execute it. 

The final result in the accumulator is _ _ 16 or 2 . What 

unsigned decimal number does this represent? 
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HEX 


HEX 


MNEMONICS/ 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS 




0000 


86 \ 


LDA 


Load accumulator immediate 


0001 


DC 


220 10 


with 220 10 . 


0002 1 


8B 


ADD 


Add immediate 


0003 


IB 


27 10 


27 10 . 


0004 


3E 


HLT 


Halt. 



Figure 9-19 
Adding unsigned numbers. 



14. Figure 9-20 shows a program for adding the signed numbers -36 10 
and 27 10 . Load and execute this program. The final result in the 

accumulator is _ _ 16 or 2 - What signed decimal number 

does this represent? 

15. Compare the results obtained in steps 13 and 14. Compare the HEX 
Contents columns of Figure 9-19 with that of Figure 9-20. 

Discussion 

This demonstrates that the MPU simply adds bit patterns. It is our in- 
terpretation of these patterns that decide whether we are using signed or 
unsigned numbers. After all, the two programs are identical except for 
our interpretation of the input and output data. 

Negative numbers are often encountered when performing subtract oper- 
ations. The subtract instruction was shown earlier in Figure 9-14. Either 
immediate or direct addressing can be used. 



HEX 


HEX 


MNEMONICS/ 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS 




0000 


86 


LDA 


Load accumulator immediate 


0001 


DC 


— 36 io 


with -36 io 


0002 


8B 


ADD 


Add immediate 


0003 


IB 


+27 10 


+27i 0 


0004 


3E 


HLT 


Halt. 



Figure 9-20 
Adding signed numbers. 



9-42 



UNIT NINE 



HEATHKiT 

CONTINUING 
EDUCATION 



Procedure (Continued) 

16. Load the program shown in Figure 9-21. Execute the program using 
the single-step mode. What is the number in the accumulator after 

the first subtract instruction is executed? l6 or 2 

or _ _ 10 . 

17. What is the number in the accumulator after the second subtract 

instruction is executed? __ 16 or 2 . What signed decimal 

number does this represent? 

Discussion 

The first subtract instruction subtracted 16 10 from 47 10 , leaving 31 10 . The 
second one subtracted 35 10 from 31 10 . This produced a result of -4 10 . 
However, theMPU expressed -4 in two's complement form (FC 16 or 1111 
HOOo). You will find this to be the case anytime the MPU produces a 
negative result. 

Now let's look at some of the logical instructions available to the micro- 
processor. The AND and OR instructions are described in Figure 9-14. 
Carefully read the description of these instructions given there. While 
these instructions have many uses, we will demonstrate only one here. 
Earlier you learned that certain peripheral devices communicate with 
computers using the ASCII code. Thus, when the "2" key on a teletype- 
writer is pushed, the computer receives the ASCII code for 2, which is 
0011 0010. The ASCII code for 6 is 0011 0110. Notice that the four least 
significant bits of the ASCII character are the binary value of the corres- 
ponding numeral. Thus, we can convert the ASCII characters for the 
numerals 0 through 9 to binary simply by setting the four most significant 
bits to 0's. Likewise, we can convert the binary numbers 0000 0000 
through 0000 1001 to ASCII by changing the four most significant bits to 
0011. 



HEX 


HEX 


MNEMONICS/ 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS 




0000 


86 


LDA 


Load accumulator immediate 


0001 


2F 


47 10 


with 47 10 . 


0002 


80 


SUB 


Subtract immediate 


0003 


10 


16,„ 


16 in 


0004 


30 


SUB 


Subtract immediate 


0005 


23 


3 5 jo 


3 5 1( ) ! 


0006 


3E 


HLT 


Halt 



Figure 9-21 
Using the subtract instruction. 
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Procedure (Continued) 

18. Load the program shown in Figure 9-22. Single-step through the 
first instruction. The number in the accumulator is 2 - 

19. Execute the second instruction. This AND's the contents of the 

accumulator with the "mask" The number in the 

accumulator after this AND operation is 2 - Compare this 

with the number that was in the accumulator in step 18. Compare 
both numbers with the mask. A 1 in the original number is retained 

only if there is a in the corresponding bit position of the 

mask. 

20. Execute the third instruction. In what memory location is the 

number in the accumulator stored? 16 . What number is 

now in the accumulator? >• Does the number still appear 

in the accumulator after being stored in memory? 



HEX 


HEX 


MNEMONICS/ 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS 




0000 


96 


LDA 


Load the accumulator with 


oooi : 


OB 


OB 


the ASCII character at this address. 


0002 


84 


AND 


AND it with 


0003 


OF 


OF 


this "mask". 


0004 


97 


STA 


Store the binary equivalent 


0005 


oc 


OC 


at this address. 


0006 


8A 


ORA 


OR the number with 


0007 


30 


30 


this "mask". 


0008 


97 


STA 


Store the result 


0009 


OD 


OD 


here. 


000A 


3E 


HLT 


Stop 


OOOB 


37 


0011 0111 


ASCII character for numeral 7. 


0O0C 






Reserved 


OOOD 






Reserved 



HEATHKIT 
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Figure 9-22 
Using the AND and OR instruction. 
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21. Execute the fourth instruction. This OR's the contents of the ac- 
cumulator with the "mask" 2 - The number in the 

accumulator is 2 - Compare this with the mask and the 

number that was in the accumulator in step 20. A 1 is produced in 

the result whenever there is a in the corresponding bit 

position of either the original number, the mask, or both. 

22. Execute the fifth instruction. This stores the number in memory 
location 16 . 

23. Examine memory locations 000B 16 , 000C 16 , and 0O0D 16 and com- 
pare their contents. 



Discussion 

The program first converts the ASCII code for the number "7" to the 
binary number 0000 01 1 1 . It does this by ANDing the ASCII code with the 
"mask" 0000 1111 2 . Notice that a 1 bit in the mask allows the correspond- 
ing bit in the original number to be retained. The four most significant 
bits of the original number are "masked off because they are ANDed 
with 0's. 

The OR operation restores the ASCII character by attaching 0011 as the 
four most significant bits. 
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Experiment 5 
PROGRAM BRANCHES 

OBJECTIVES: 

To manipulate the N, Z, V, and C condition code registers and 
determine the conditions that set and reset these flags. 

To verify the operation of a simple multiply by repeated addi- 
tion program that uses the BEQ conditional branch instruction 
and the BRA instruction. 

To demonstrate the ability to write a program that divides by 
repeated subtraction and uses a conditional branch and BRA 
instruction. 

To introduce a shorthand method of calculating relative ad- 
dresses. 

To verijy the operation of a program that converts BCD num- 
bers to their binary equivalent. 

To demonstrate the effect an incorrect relative address can 
have on a program operation and how the microprocessor 
trainer can be used to debug programs. 

Introduction 

As mentioned previously, conditional branch instructions give the com- 
puter the power to make decisions. As the name implies, a certain condi- 
tion must be met before a branch takes place. The condition code registers 
monitor the accumulator and signal the presence of a specific condition. 
If the MPU encounters a conditional branch instruction, it merely checks 
the condition code registers, or flags, to see if the condition is satisfied. If 
the specific flag is set, the program branches off to another section. If not, 
the normal program continues. 

Therefore, the conditional branch instructions inherit their power from 
these simple condition code registers. A sound knowledge of how these 
flags are set and cleared will enhance your ability as a programmer. 
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Figure 9-23 
Displaying the conditions of the flags. 



Since condition code registers are very important, your Trainer was 
designed with a special key to allow you to examine these flags. The key 
is labelled "CC" for "Condition Code." When this key is pressed, the state 
of the condition code registers will be displayed. Each LED displays the 
contents of one register. The letter just to the right of each LED denotes 
the corresponding register as shown in Figure 9-23. 

Notice that there are six flag registers. For the moment we aren't con- 
cerned with the two left-most flags. They will be covered in a later unit. 
However, we are interested in the N, Z, V, and C flags, because they 
indicate conditions that can lead to conditional branches. Notice that the 
flags can either be set as indicated by a 1 or they can be cleared as 
indicated by a 0. 

In this first portion of the experiment, you will implement a "do- 
nothing" program that manipulates the condition code registers. Then 
single-stepping through the program, you will examine how the ac- 
cumulator changes these flags. 



Procedure 

1. Turn on the Trainer and then press the RESET key. 

2. Now, load the program listed in Figure 9-24 into the Trainer. Once 
the program is loaded, go back and examine it to insure that it's 
entered correctly. 

Now look at the first instruction of the program in Figure 9-24. It 
has the op code 01 and the mnemonic is "NOP." As the comments 
column points out, this is a "do-nothing" type of instruction called 
a "No-Op." In other words, it performs no operation. In this pro- 
gram, the NOP's primary function is to allow you to see the first 
instruction before it's executed. 
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HEX 


HEX 


MNEMONICS/ 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS 




0000 


01 


NOP 


"DO Nothing'* Instruction 


0001 


86 


LDA 


Load the accumulator immediate 


0002 


FF 


FF lfi 


with FF lfi . 


0003 


86 


LDA 


Load the accumulator immediate 


0004 


77 


77 lfi 


with 77,«. 


0005 


86 


LDA 


Load the accumulator immediate 


0006 


00 


oo lfi 


with 00 18 . 


0007 


86 


LDA 


Load the accumulator immediate 


1 0008 


01 


01 w 


with 01 lfi 


0009 


86 


LDA 


Load the accumulator immediate 


000A 


92 


92 ltt 


with 92 1B 


000B 


8B 


ADD 


Add Immediate 


OOOC 


C6 


C6 lfi 


C6 1R 


000D 


86 


LDA 


Load the accumulator immediate 


000E 


08 


08 lfi 


with 08 lfi . 


OOOF 


8B 


ADD 


Add Immediate 


0010 


08 


08 lfi 


08 lfi . 


0011 


86 


LDA 


Load the accumulator immediate 


0012 


01 


01 lfi 


with 01 w . 


0013 


80 


SUB 


Subtract immediate 


0014 


02 


02 lfi 


02 w . 


0015 


86 


LDA 


Load the accumulator immediate 


0016 ! 


77 


77 lfi 


with 77 lH . 


0017 


80 


SUB 


Subtract immediate 


0018 


66 


66 lfi 


66 lfi . 


0019 


86 


LDA ! 


Load the accumulator immediate 


001A 


49 


49 lfi 


with 49i fi . 


001B 


8B 


ADD 


Add immediate 


001C 


60 


60 lfi 


60 lfi . 


001D j 


86 


LDA 


Load the accumulator immediate 


001E 


10 


10 M 


with 10 lfl . 


001F 


3E 


HLT 


Halt. 



Figure 9-24 
Program to illustrate the condition code registers. 



In previous experiments, you probably noticed that when you 
single-stepped through programs, you never saw the first instruc- 
tion. This is because in the "SS" mode, the Trainer executes the 
first instruction automatically and then stops on the second in- 
struction. This can be somewhat confusing. 

To offset this problem, we merely insert the NOP. The Trainer 
"sees" this as the first instruction, although nothing is ac- 
complished by the NOP. Therefore, the Trainer displays the next 
instruction, which is the first "real" instruction of the program, 
permitting you to view it before it's executed. 
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3. Load the program counter with address 0000 and then press the SS 
key. Recall that the first four displays represent the address that's 
currently in the program counter. The two right-most displays 
show the op code stored at this address. Record the information 
below. 

PC OP CODE _ _ 

Now, press the ACCA key and record the contents of the ac- 
cumulator. 

ACCA _ _ 



The contents of the accumulator will be a random number, since we 
haven't yet executed a program instruction. 

Now, press the CC key and record the contents of the N, Z, V, and C 
condition code registers below. 



NZVC 

Again, the states of the flags are random at this time. 

4. Now, press the SS key and then the ACCA key. Record the contents 
of the accumulator below. 

ACCA _ _ 

Press key CC and record the state of the N flag below. 
NZVC 



With the negative number FF 16 in the accumulator, the negative (N) 
flag is set. 
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5. Press the SS key again. The program count should now be 0005 16 
and the op code at this address is 86. Now check and record the 
contents of the accumulator and the N flag. 

ACCA _ _ 

N Z V C 



With the positive number 77 16 in the accumulator, the N flag is 
cleared, or reset, to 0. 

From the information gathered in steps 4 and 5, what conclusions 
do you reach with respect to the N flag and the contents of the 
accumulator? 



6. Single-step the program again. The program count is now 0007 16 . 
Record the contents of the accumulator and the condition of the Z 
flag below. 

ACCA _ _ 

N Z V C 



With 00 16 in the accumulator, the Z flag is set. 

Press SS and again record the contents of the accumulator and the Z 
flag below. 

ACCA _ _ 

N Z V C 

The accumulator now contains 01 16 and the Z flag is cleared. What 
is the relation between the contents of the accumulator and the Z, or 
zero flag? 
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7, Single-step again and record the information below. 
ACCA _ _ 

NZVC 

This step loads the number 92 18 into the accumulator. Bit 7 of the 
accumulator contains a 1 2 so the N flag is set. Naturally, the Z flag is 
cleared. The next instruction will add C6 16 to the contents of the 
accumulator. As shown below, this operation should generate a 
carry. 

1001 0010 = 92 lfi 
1100 0110 = C6 16 

0101 1000 = 158 16 



Press the SS key and record the information below. 
ACCA _ _ 

N Z V C 

The 8-bit accumulator cannot hold the 9-bit sum. However, the 
carry generated by the addition sets the C flag. 

8. This step loads the number 08 16 into the accumulator. Press the SS 
key and record the information below. 

ACCA _ _ 

NZVC 

Notice that loading this new number into the accumulator didn't 
affect the carry (C) flag. The next step will add 08 16 to the contents of 
the accumulator (08 16 ). 

9. Press the SS key and record the information below. 




ACCA _ _ 



N Z V C 
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The accumulator now contains the sum of the addition (10 16 ) and 
the carry flag is cleared. 

From the results of steps 8 and 9, you might conclude that the carry 

flag can be cleared by another that does not result in a 

carry. 

10. Press the SS key. The program count should now be 0013. Record 
the information below. 

ACCA _ _ 

N Z V C 



This shows that the accumulator contains 01 16 and that the N, Z, 
and C flags are all cleared. When the next instruction is executed, 
the number 02 16 will be subtracted from 01 16 (the contents of the 
accumulator). As shown below, the subtraction should result in a 
borrow, setting the C flag. 



Borrow » 0000 0001 = 01 16 

0000 0010 = 02 16 



1111 1111 = FF 



16 



Notice that the difference is FF 16 . This will the N flag. 

set/clear 



11. Press the SS key and record the information below. 
ACCA _ _ 

N Z V C 

As expected, the difference produced is FF 16 . Also, the N flag is set, 
indicating a negative number is in the accumulator and the C flag 
indicates a borrow occurred. 

The next step will execute the instruction that loads 77 16 into the 
accumulator. After this LDA operation, the C flag will be 

set/ cleared 



9-52 



UNIT NiNE 



HEATHKIT 

CONTINUING 
EDUCATION 



12. Press the SS key and record the information below. 
ACCA _ _ 

N Z V C 



Notice that the C flag is still set and that 77 16 is in the accumulator. 
Now we will subtract 66 16 from the accumulator contents (77 16 ). 

Press the SS key and record the information below. 

ACCA _ _ 

NZVC 



The difference (11 1(5 ) is now stored in the accumulator and, since no 
borrow is generated, the C flag is cleared. 

13. In this step, the first instruction loads the accumulator with the 
number 49 16 . The next instruction adds the number 60 m to 49 lfi . As 
shown below, the addition of these numbers causes an overflow 
into the sign bit (bit 7) and the sum, A9 lfJ , appears to be a negative 
number. 



Overflow changes 
sign bit. 



0100 1001 = 49 l6 
0110 0000 = 60 16 

1010 1001 = A9 16 



Of course, this is incorrect and the MPU must be notified of this 
overflow. This is the purpose of the V flag. 

Press the SS key and record the information below. 



ACCA „ _ 

NZVC 



The number 49 16 is in the accumulator and the N, Z, V, and C flags 
are cleared. 
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Single-step once more and then record the information below. 

ACCA _ 

N Z V C 



The sum A9 16 is now in the accumulator. Notice that the N and V 
flags are set, indicating that the number in the accumulator is 
negative and that an overflow occurred. 

14. When the next instruction is executed, the number 10 16 will be 
loaded into the accumulator. 

Single-step the program and record the information below. Notice 
that the op code 3E (a halt) is the next instruction, so the program is 
finished. 

ACCA _ 

N Z V C 



The accumulator contains the number 10 16 , and all flags cleared. 
From this, you might conclude that any instruction that doesn't 
produce an overflow in the accumulator will the V flag. 

set/ clear 



Discussion 

In this portion of the experiment, you stepped through a simple program 
that manipulated the condition code registers. In step 4, the negative 
number FF 16 was loaded into the accumulator. This set the N flag to 1 2 . In 
step 5, the positive number 77 16 was loaded into the accumulator. And, as 
you noted, the N flag was cleared or reset to 0 2 . From these two steps you 
should have concluded that when the number in the accumulator is 
negative, the N flag is set. And when the accumulator contains a positive 
number, the N flag is cleared. 

In step 6, the accumulator was loaded with 00 16 . This set the Z flag to 1 2 . 
Next, when 01 16 was loaded, the Z flag was reset or cleared to 0 2 . Your 
conclusion should have been that when the accumulator contains 00 16 , 
the Z flag is set. If it contains any number other than 00 16 , the Z flag is 
cleared. 
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Next, you examined the C flag. When a carry was generated by the 
addition of the two numbers. 92 16 and C6 16 , the C flag was set. In step 8, 
you noted that merely loading a new number into the accumulator did 
not clear the C flag. The carry flag was cleared by another addition that 
did not result in a carry. Y our conclusion should have been that the C flag 
can only be cleared by an arithmetic operation that does not result in a 
carry. 

As you proved in steps 10 and 11, a subtraction that results in a borrow 
also sets the C flag. Again, the C flag was cleared by an arithmetic 
operation, in this case a subtraction, that did not generate a borrow. 
Therefore, the C flag can only be cleared or reset to 0 2 by an arithmetic 
operation that does not result in a borrow or carry. 

You concluded this phase of the experiment by adding two positive 
numbers, the sum of which overflowed into the sign bit of the ac- 
cumulator. This set the V or overflow flag, showing that the sum should 
not be a negative number as the N flag indicated. The next LDA instruc- 
tion cleared the V flag. From this, you should conclude that the V flag is 
cleared by any instruction that doesn't produce an overflow. 

In the next sections of this experiment, you will step through a few 
branching programs that illustrate the use of the branch always (BRA) 
instruction and certain conditional branch instructions. These branch 
instructions were discussed in Unit 4 , and you will verify their operation. 
We'll begin with the multiply by repeated addition program. 
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Procedure (Continued) 

15. Enter the program listed in Figure 9-25 into the Trainer. This 
program multiplies 05 16 and 02 16 and stores the product in address 
0013 16 . Recheck the program to insure that it's entered correctly. 

16. This is the same program that you stepped through in Unit 4. 
Notice that the program contains two branch instructions; the BEQ 
(Branch if Equal Zero) at address 0005 16 and the BRA (Branch Al- 
ways) at address 000E 16 . 

The branch if equal zero (BEQ) instruction implies by it's name that 
a conditional branch will occur when the flag is set. 



HEX 


HEX 


MNEMONICS/ 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS 




0000 






CLRA 


Clear the accumulator. 


0001 






I ► STA 


Store the product 


0002 








13 


in location 13 Ifi . 


0003 








LDA 


Load the accumulator with the 


0004 








12 


multiplier from location 12 16 . 


0005 








BEQ 


If the multiplier is equal to zero, 


0006 








— 09 


branch down to the Halt instruc- 
tion. 


0007 








DECA 


Otherwise, decrement the multip- 
lier. 


0008 








STA 


Store the new value of the 


0009 








12 


multiplier back in location 12 16 . 


000A 








LDA 


Load the accumulator with the 


000B 








13 


product from location 13 lfi . 


OOOC 








ADD 


Add 


000D 








11 


the multiplicand to the product. 


000E 








BRA 


Branch back to instruction 


0O0F 








— Fl 


in location 01. 






| 0010 






U-HLT 


Halt. 


0011 






05 


Multiplicand. 


0012 






02 


Multiplier. 


0013 








Product. 
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17. Now, set the program counter to 0000 and single-step through the 
program, recording the information in the chart of Figure 9-26. 
Notice that you will be monitoring the Z flag. A comments column 
is provided so you can make notes about each step. Use the program 
listing as a reference for each op code and the corresponding 
operand. 

18. When the BEQ instruction is executed and the Z flag is set, the 
program branches to the instruction. 

When the multiplier was 02 16 , the program halted on the 

pass through the program. 

If the multiplier is changed to 06 16 , how many passes would the 
program make before it halts? 

19. Examine the contents of address 0013 16 and record below. 

0013 _ 



STEP 


PROGRAM 
COUNTER 


OPCODE 


ACCA 


Z 

FLAG 


COMMENTS 


1 

2 
3 












4 
5 
6 












7 
8 
9 












10 
11 
12 












13 
14 
15 












16 
17 
18 












19 
20 













Figure 9-26 

Single-stepping through the Multiply by repeated addition program. 
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Discussion 

The chart that you completed should be similar to the one shown in 
Figure 9-27. Compare the charts. 

The first step we don't see, since it's executed before the Trainer stops at 
address 0001. Nevertheless, we do see the result of this clear accumulator 
instruction because the accumulator contains 00. When step 1 is exe- 
cuted, 00 16 is stored in location 0013 16 . Step 2 brings us to address 0003 16 
which loads the accumulator with the multiplier, in this example, 02 16 . 
The BEQ instruction is next, but the Z flag is cleared so the program 
continues on the normal route. Next the multiplier is decremented to 01 16 
and then stored in location 0012 16 . Now the product (00 16 ) is loaded and 
the multiplicand (05 16 ) is added directly. This produces the new product, 
05 16 . Now the program encounters the BRA, or branch always instruction 
and it branches back to address 000 1 16 . 

Here the new product is stored away and the multiplier is loaded again. 
It's 01 16 this time, so the program continues on through the BEQ instruc- 
tion, the multiplier is decremented to 00 16 , and the multiplicand 05 16 is 
added to the product. The new product (0A 16 ) is still in the accumulator. 
Once again, the BRA instruction loops flow back to address 0001 16 and 
the product is stored in address 0013 16 . 

The multiplier is now loaded and, since it's been decremented to 00 16 , it 
sets the Z flag. The BEQ instruction checks the Z flag, finds that it's set 
and branches to the halt instruction at address 0010 16 . Therefore, the 
program makes two complete passes, before the multiplier becomes 00 16 . 
On the third pass through, BEQ terminates the program because the Z flag 
is set. 

The multiplier sets the count and determines how many additions will be 
performed. If the multiplier is changed to 06 16 , the program will make six 
complete loops, halting on the seventh loop. The BEQ will only be 
satisfied when the multiplier has been reduced to 00. 

All branch instructions use relative addressing. In Unit 4, we discussed 
the method used to calculate the destination address for a branch instruc- 
tion. However, another shorthand type procedure that's quite popular 
with programmers can be used. With this technique, you simply count in 
hexadecimal. For a forward branch, you begin at 00 16 and count up to the 
destination address. 
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STEP 


PROGRAM 
COUNTER 


OPCODE 


ACCA 


Z 

FLAG 


COMMENTS 




1 


0001 


97 


00 


1 


Store the product (oo lfi ) in 
address 0013 lfi . 





2 


0003 


96 


00 


1 


Load the accumulator with 
the multiplier (02,*) from 
address 0012,*. 


— 


3 


0005 


27 


02 
t 

Multiplier 


0 


BEQ. Check the Z flag. 
It's not set so continue. 


— 


4 


0007 


4 A 


02 


0 


Decrement the multiplier (02 IH ). 




5 


0008 


97 


01 
t 

New Multiplier 


0 


Store the new multiplier (01,*) 
at address 0012 lfi . 




6 


000A 


96 


01 


0 


Load the accumulator with the 
product (00) at address 0013,*. 




7 


oooc 


9B 


00 


1 


Add the multiplicand (05) 
giving new product. 




8 


000E 


20 


05 
t 

New Product 


o 


Branch back to address 
0001 


— 


9 


0001 


97 


05 


0 


Store the product (05,*) in 
address 0013,*. 


- 


10 


0003 


96 


05 


0 


Load the accumulator with 
the multiplier (01 ,«) located 
at address 0012 1H . 


— 


11 


0005 


27 


01 


0 


BEQ. Check Z flag. 
It's not set so continue. 


- 


12 


0007 


4A 


01 


0 


Decrement the multiplier (01,*). 




13 


0008 


97 


00 

New Multiplier 


1 


Store the new Multiplier lOO,*) 
at address 0012,*. 




14 


000A 


96 


00 


1 


Load the accumulator with the 
product (05^) at address 0013 1B . 




15 


OOOC 


9B 


05 


0 


Add the multiplicand (05,*) 
giving new product. 




16 


000E 


20 


OA 
t 

New Product 


0 j 


Branch back to address 
0001,*. 


— 


17 


0001 


97 


OA 


0 \ 


Store the product fOA lfi ) in 
address 0013,*. 


— 


18 


0003 


96 


OA 


0 


Load the accumulator with the 
multiplier (00,*) from address 0012,*. 




19 


0005 


27 


00 


1 


BEQ. Check the Z flag. 
Now it's set. Branch to 
address 0010,*. 




20 


0010 


3E 


00 


1 


Halt. 





Figure 9-27 
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HEX 
ADDRESS 



HEX 
CONTENTS 



MNEMONICS/ 
HEX CONTENTS 



18 
19 



20 
?? 



BRA 

?? 



1A v 

Originating address 

ID 
IE 
IF 
20 
21 



24 



Destination address 



-/- 



We wish to 
Branch to here 



Figure 9-28 



For example, in the program of Figure 9-28, we want to branch from 
address 18 l6 to address 24 16 . Recall that the relative address is added to 
the contents of the program counter. After the BRA instruction and its 
operand (the relative address) have been fetched, the program counter is 
pointing to address 1A 16 . Therefore, we begin our count at address 1A 16 . 
Then we count forward in hex as shown in Figure 9-29. When we reach 
the destination address, the hexadecimal count is the relative address. In 
this case, it's 0A 16 , and we insert this operand at address 19 16 . 



HEX 
ADDRESS 



HEX 
CONTENTS 



MNEMONICS/ 
HEX CONTENTS 



18 
19 

00 , 1A 



20 
OA 



L-n Originating Address 

0 1 D 



c 

02 >*1C 

03 /*1D 

04 /*1E 



06 /*20 

07 /*21 



-/- 



05 >1F 

08 >22 

09 )*23 . Destination Address 

oa 1 



BRA 
OA 



Relative 
Address 



Figure 9-29 
Branching forward 
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To branch backward in the program, we simply count down using nega- 
tive hex numbers. It may sound more difficult, but once you are accus- 
tomed to it, you will find it easier to use than the previous method you 
learned. 

For example, in the program shown in Figure 9-30A, we wish to branch 
back to address 58 16 . The BRA instruction, at address 5D 16 is fetched and 
the program count points to address 5F 16 . Figure 9-30B shows how we 
calculate the address for this backward branch. We begin with FF 16 , and 
count down. When we reach the destination address (58 i6 ), the count at 
that point is the relative address, in this case F9 16 . 

Figure 9-3 1 shows another example of computing the relative address for 
a larger branch. The branch instruction is at address B0 16 and therefore, 
the origination address is B2 16 . We calculate the relative address as 
shown in Figure 9-3 1 B. Starting with FF 16 at address B 1 16 we count down 
to the destination address A0 16 . As the count indicates, the relative 
address to get to A0 16 is EE 16 . 



HEX 
ADDRESS 



HEX 
CONTENTS 



MNEMONICS/ 
HEX CONTENTS 



Program 
branches 
to here 



56 
57 

S 59 
5A 
5B 
5C 
5D 
5E 
~5F- 



, Destination 
Address 



Originating 
Address 
J_ 



20 
?? 



BRA 
?? 



B 



HEX 
ADDRESS 



56 
57 

>^F9 58- 

Relative FA 5g 

address pg 5A 

FC 5B 
FD 5C 
FE 5D 
FF 5E 
5F 



HEX 
CONTENTS 



Destination 
Address 



Originating 
jS Address 

j 



20 
F9 



MNEMONICS/ 
HEX CONTENTS 



BRA 
F9 



Figure 9-30 
Branching back 
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HEX 
ADDRESS 



HEX 
CONTENTS 



MNEMONICS/ 
HEX CONTENTS 



We wish to ^ AO 



branch to 
here 



S 



Al 
A2 
A3 
A4 
A5 
A6 
A7 
A8 
A9 
AA 
AB 
AC 
AD 
AE 
AF 
BO 
Bl 
B2 



Destination 
Address 



Originating 
Address 



26 
?? 



BNE 

?? 



Relative 
Address 



HEX 
ADDRESS 



EE AO 
EF Al 
FO A2 
Fl A3 
F2 A4 
F3 A5 
F4 A6 
F5 A7 
F6 A8 
F7 A9 
F8 AA 
F9 AB 
FA AC 
FB AD 
FC AE 
FD AF 
FE BO 
FF Bl 
B2 



HEX 
CONTENTS 



26 
EE 



MNEMONICS/ 
HEX CONTENTS 



BNE 
EE 



B 



Figure 9-31 
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In the next section of this experiment, you will write a program that will 
divide by repeated subtraction. You will probably have two branches in 
this program; a forward branch and a branch back. Use this new 
technique to calculate the relative addresses for both branches. 

Procedure (Continued) 

20. In Unit 4, we discussed a program that divides by repeated subtrac- 
tion. The flow chart for this program is shown in Figure 9-32. Using 
this flow chart as a guide and the instructions presented in Figure 
9-33, write a program that divides by repeated subtraction. 



START ^ 



Clear 
Accumulator 



Store 
Quotient 



Load 
Dividend 



Store 
Dividend 



Load 
Quotient 



Increment 
Quotient 




YES 



C stop ) 



Figure 9-32 
Flow chart for dividing by repeated subtraction. 
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INSTRUCTION 


MNEMONIC 


ADDRESSING MODE 




IMMEDIATE 


DIRECT 


RELATIVE 


INHERENT 


Load Accumulator 


LDA 


86 


96 






Clear Accumulator 


CLRA 








4F 


Decrement Accumulator 


DECA 








4A 


Increment Accumulator 


INCA 








4C 


Store Accumulator 


STA 




97 






Add 


ADD 


8B 


9B 






Subtract 


SUB 


80 


90 






Branch Always 


BRA 






20 




Branch if Carry Set 


BCS 






25 




Branch if 


BEQ 






27 




Equal Zero 












Branch if Minus 


BMI 






2B 




Halt 


HLT 








3E 



Figure 9-33 
Instructions to be used. 



21. Now load the program into the Trainer. Let the dividend be 0B 16 
and the divisor be 05 16 . Change the program counter to the starting 
address of your program and single-step through the program, 
recording the information in the chart of Figure 9-34. 

22. Examine the contents of the address that stores the dividend and 
the quotient. If you followed the flow chart, the address where the 
dividend is stored should now contain the remainder from the 
division. Record the contents below. 



Quotient 



Remainder 



9-64 



UNIT NINE 



HEATHKIT 

CONTINUING 
EDUCATION 



STEP 


PROGRAM 
COUNTER 


OPCODE 


ACCA 


N 

FLAG. 


COMMENTS 















Figure 9-34 
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Discussion (Continued) 

Now you've written a program that incorporates an unconditional branch 
and a conditional branch. Hopefully, you calculated the relative address- 
es using the shorthand technique just discussed. Our program for the 
divide by repeated subtraction is listed in Figure 9-35. If you followed the 
flow chart, your program should be similar to this. 



HEX 


HEX 


MNEMONIC/HEX 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS 




0000 


4F 




CLRA 


Clear the accumulator. j 


0001 


97 




-•-STA 


Store in the quotient which 






0002 


13 






13 


is at address location 13 lfi . 


0003 


96 






LDA 


Load the accumulator with the 


0004 


11 






11 


dividend from location 11 16 . 


0005 


90 






SUB 


Subtract the 


0006 


12 






12 


divisor from the dividend. 


0007 


2B 






BMI 


If the difference is negative, 


0008 


07 






1 — 07 


branch down to the Halt 
instruction. 


0009 


97 






STA 


Otherwise, store the difference 


000A 


11 






11 


back in location ll lf? . 


000B 


96 






LDA 


Load the accumulator with the 


OOOC 


13 






13 


quotient. 


000D 


4C 






INCA 


Increment the quotient by one. 


000E 


20 






BRA 


Branch back to instruction | 


000F 


Fl 






— Fl 


in location 01. 




0010 


3E 




U-HLT 


Halt. 


0011 


OB 




OB 


Dividend (11 1B ). 


0012 


05 




05 


Divisor (5 lrt ). 


0013 








Quotient. 



Figure 9-35 
Dividing by repeated subtraction. 
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STEP 


PROGRAM 
COUNTER 


OPCODE 


A CCA 


N 
FLAG 


COMMENTS 


1 


0001 


97 


00 


0 


Store the quotient f00 1H ) at 
address 0013 


2 


0003 


96 


00 


0 


Load the accumulator with the 
dividend from address 001 1 1H . 


3 


0005 


90 


OB 
t 

Dividend 


0 


Subtract the divisor <05 lfi ) at 
address 0012 lfi from the accumulator. 


4 


0007 


2B 


06 
f 

After subtraction 


0 


QXfT rliorl' fU n V Dorr 

dMI, diecic me ni nag. 
It's not set so continue. 


5 


0009 


97 


06 


0 


Store the difference f 06 back 
in address 0011 lri . 


6 


000B 


96 


06 


0 


Load the accumulator with the 
quotient (00 16 ) at address 0013 lti . 


7 


000D 


4C 


00 


0 


Increment the quotient. 


o 
o 


000E 


20 


01 
r 

Quotient after INC 


0 


nrancn oacK io me lnsirucuon 
at address 0001 I8 . 


9 


0001 


97 


01 


0 


Store the quotient [01,*] at 
address 0013 lfi . 


10 


0003 


■96 


01 


0 


Load the accumulator with the 
dividend f06 ]fi ) at address 0011^. 


11 


0005 


90 


06 
t 

Dividend Now 


0 


Subtract the divisor (05 w ) at 
address 00l2 lf; from the accumulator. 


12 


0007 


2B 


01 
t 

After Subtraction 


0 


3 MI. Check the N flag. 
It's not set so continue. 


13 


0009 


97 


01 


0 


Store the difference f 01 back 
in address 0011 lr> 


14 


000B 


96 


01 


0 


Load the accumulator with the 
quotient f0'l,«] at address 0013 lB . 


15 


000D 


4C 


01 


0 


Increment the quotient. 


lb 


000E 


20 


02 

f 

Quotient after INC. 


0 


Branch back to the instruction 
at address 0001 IK . 


17 


0001 


97 


02 


0 


Store the quotient f02 lrt ) at 
address 0013 lfi . 


18 


0002 


96 


02 


0 


Load the accumulator with 

the dividend (01 Ifi J at address 0011. s . 




0005 


90 


01 


0 


cuiDtract tne di\ isor iUd^J at 
address 0012 lri from the accumulator. 


20 


0007 


2B 


FC 
t 

Negative Number 


1 


BMI. Check the N flag. 

Now it's set so branch to 

the instruction at address 0010 lfi . 


21 


0010 


3E 


FC 


1 


Halt. 



Figure 9-36 
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Notice that we used the BMI (Branch if Minus) conditional branch in- 
struction. Therefore, the N or negative flag will satisfy the branch when 
it's set. Figure 9-36 charts our program as we single-stepped through it. 
Since the program subtracts the divisor from the dividend and stores the 
difference as the new dividend, at the conclusion of the program the 
dividend is actually the remainder of the division. When 0B 16 is divided 
by 05 16 , the quotient should be 02 16 and the remainder 01 16 . 



So far, we've used the conditional branch instructions only to exit a loop 
and then halt program execution. However, these branch instructions 
become even more powerful when they are used to "chain" together 
different portions of a program. Figure 9-37 shows an example of this 
chaining effect. The program starts and runs through the first loop until 
the conditional branch BEQ is satisfied. Then it exits this loop and starts 
another. When the BEQ condition is satisfied in the second loop, another 
exit is performed, and another portion of the program is executed. 



^ START ^ 



Clear Binary 



Load Hundreds 

Digit 




YES 



Load Binary 
Reault 



Add 100... 



Store Binary 
Result 



Figure 9-37 
Conditional branches can chain 
together portions of a program. 




YES 









Load Binary 
Result 


I 




Add units 
digit 






Store Binary 
Result 


I 



( EE ) 
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HEX 


HEX 


MNEMONICS/ 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS 




0000 


4F 


CLRA 


Plpar the A rnimn latnr 


0001 


97 


STA 


Stnrp 00 


0002 


2B 


2B 


in Inratinn 2R This clpars the binarv r esult. 

Ill 1 ULQ 11 Ull fc- U • 1 lllj Liuoi J tiiw ui iiui y ^ vjuili 


0003 


96 


LDA 


T n^H rlirprt intn thp acnimn latnr 

LjUdU. Ull CLL 1111U L11C aLLUUlUlalUl 


0004 


23 


28 


thp VmnHrpds Rf~T) dioit 


0005 


27 


BEQ 


If the hundreds digit is zero, branch 


0006 


OB 


OB 


forward to the instruction in location 12 lfi . 


0007 


4A 


DECA 


Otherwise, decrement the accumulator. 


0008 


97 


STA 


Store the result as the new 


0009 


28 


28 


hundreds BCD dioit 


000A 


96 


LDA 


T nad dirprt into thp accumulator 


000B 


2B 


2B 


thp hinarv rpsult 


OOOC 


8B 


ADD 


AHH immpdiatp 

i\LlLl 1111111 GUlu LC 


000D 


64 


64 


1 DD tn the hinarv rpsult 

1UU|Q LU LI 1 O U 1 1 1 CI 1 _V 1 Colli L. 


000E 


97 


STA 


Cfnrp awav thp np\V 
ulUlc dwaj/ liic 1 1 c vv 


OOOF 


2B 


2B 


K i n 2 Y*t / roc 1 1 1 t 
Ullldiy ltJbLllL. 


0010 


20 


BRA 


R ranch 

1_J i CI tl L« 1 1 


0011 


Fl 


Fl 


hark tn thp instruction in location 03, 


0012 


96 


LDA 


I nari Hirpnt intn thp ami lmn latnr % 

IjUOU LH1CL.L 111LU L11C d Lllll UldlUl 


0013 


29 


29 


tVio tone Rf^T) Hioit 

me tens dv^u uigii. 


0014 


27 


BEQ 


If the tens BCD digit is zero, branch 


0015 


OB 


OB 


rorwaro. to Lne lnsiruciion in locaiion ^1^. 


0016 


4A 


DECA 


Othprwisp Hpcrpmpnt thp accumnlatnr 

\_/LllCl V » ldC| UCLil Clllulll. L11C QVjLiUlll uia IU1 ■ 


0017 


97 


STA 


Stnrp thp rpqult as the npw 


0018 


29 


29 


tpn<; RPD Hioit 

l Clio 1J V_jl_y UlplL. 


0019 


96 


LDA 


T nan 1 dirprt intn thp acciimnlatnr 

JLiUdU LHlt7\_.L liHU 111 C QLiULllllLliaiUl 


OOlA 


2B 


2B 


thp hinar^.' rpciilt 
LiltJ Ulildl} I colilL. 


001B 


8B 


ADD 


Add immpdiatp 

l V V-l V-l 1 111111 CU lu Lt» 


001C 


OA 


OA 


1 fl „ tn thp hinarv rpQiilt 

1U|() LU L 1 1 C U 1 1 1 d 1 V 1 CoulL. 


001D 


97 


STA 


Cfnrp au/flV thp npw 
uLUl C dWd> Lllc 11c vv 


001E 


2B 


2B 


ninan r rpQiilt 

Ullldljr J CMlll. 


001F 


20 


BRA 


Rra nrh 
iJi diii.11 


0020 


Fl 


Fl 


har^L' tn tVio i n ctn 1 r^ti nn in Inratinn 1 0 
UdU-K. LU Lllc Hl:> LI U.L.L1U11 111 lUL.dLJUH L£.\(\. 


0021 


96 


LDA 


T narl Hirppt intn thp arr nm 11 f^tnr 

LUdU Ull CLL 11ILU Lllc dL.L,Lllil Uld LU1 


0022 


2B 


2B 


trip Kinorv T"pciilt 
LiltJ UiildlV 1 CMIIL, 


0023 


9B 


ADD 


A r\ r\ Hi'rof't 
a\U U. U- 11 cL L 


0024 


2A 


2A 


the units BCD digit. 


0025 


Q7 


CT4 
J I A 


Store away the new 


0026 


2B 


2B 


binary result. 


0027 


3E 


HLT 


Halt. 


0028 


01 


01 


Hundreds BCD digit. 


0029 j 


01 


01 


Tens BCD digit. 


002A j 


07 ] 


07 


Units BCD digit. 


002B j 






Reserved for the binary result. 



Figure 9-38 
Program for converting BCD to binary. 
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A strategically placed conditional branch at the end of the program can 
cause a branch back to the beginning that will repeat the program again 
and again. In the next portion of this experiment, you will load the 
BCD-to-binary conversion program that you studied earlier. Then you 
will step through the program and watch as the Trainer executes each 
instruction. 



Procedure (Continued) 

23. Load the program listed in Figure 9-38 into the Trainer. The BCD 
number 117 10 will be converted to binary by this program. 

The BEQ instruction is used for the conditional branches in this 

program. This means that MPU will monitor the flag to 

determine if the condition is set. 

24. Now set the program counter to 0000 and single-step through the 
program recording the information in the chart of Figure 9-39. 
Notice that, at strategic steps, you should stop and answer ques- 
tions before you continue. 

25. What is the hundreds BCD digit at this time? The result is 

now 64 16 , which is in the decimal number system. 

Now return to the Trainer and continue stepping through the 
program. 

26. What is the tens BCD digit at this time? 

The result is now 6E 16 . This is the equivalent of in the decimal 

number system. 

Now return to the Trainer and step through the remainder of the 
program. 

27. Examine address 002B 16 and record the result below. 



16 



Convert this number to its decimal equivalent. 



75 16 = 



10 



9-70 



UNIT NINE 



HEATHK1T 

CONTINUING 
EDUCATION 



STEP 


PROGRAM 
COUNTER 


OPCODE 


ACCA 


Z 

FLAG 


COMMENTS 


1 












2 












3 












4 












5 












6 
























8 












Stop! Return to Step 25. 








9 












10 












11 












12 












13 












14 












15 












16 












17 












18 












Stop! Return to step 26. 








19 












20 












21 












22 












23 












24 












25 













Figure 9-39 
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Discussion 

Now you've verified the operation of the BCD-to-binary conversion pro- 
gram. The chart that you completed should match the one shown in 
Figure 9-40. 

Since the BEQ instruction is used for the conditional branches in the 
program, we monitored the Z flag. In this example, the BCD number 117 10 
was converted to its binary equivalent 75 16 . This program will convert 
BCD numbers as high as 255 10 , to their binary equivalent. 

The program isn't as complicated as it might appear. The hundreds and 
tens BCD digits are used to set a count. Each pass through a loop decre- 
ments the BCD digit, or count, and then adds the equivalent hexadecimal 
positional value for that BCD digit. For example, in the hundreds conver- 
sion loop, 64 16 is added to the binary result for each hundreds BCD digit. 
Hence, the BCD digit sets the count. Then the count is decremented by 
one and the program loops back and runs through again. When the count 
is zero, that BCD digit has been added the correct number of times and the 
program branches off to another loop. This continues until the program 
halts. 

Stepping through the program, you found that after Step 8, the Trainer 
had completed one loop through the hundreds BCD portion of the pro- 
gram. The count was 00 16 and the binary result was 64 16 , or the binary 
equivalent of 100 10 . On the next pass through, the program branches to 
the tens BCD loop. 

The first loop through, the tens BCD portion of the program was com- 
pleted at step 18. The binary result was 6E 16 , which is the equivalent of 
110 10 . The tens BCD digit had been decremented to 00 16 . Then all that 
remained was to add the units BCD digit (07 10 ) and the conversion 
process was complete. 

You verified the final result by checking the binary result at location 
002 B l6 . Here you found the hex number 75 16 . When you converted this 
number to its decimal equivalent, you found that 75 16 equals 117 10 . Also, 
if you converted 75 18 to binary, you would find the number 0111 0101 2 , 
which is the (binary) equivalent of 117 10 , so the program works. 



9-72 



UNIT NINE 
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STEP 


PROGRAM 
COUNTER 


OPCODE 


A CCA 


Z 

FLAG 


COMMENTS 


1 


0001 


97 


00 


1 


Store 00 in address 002B IK - 
This clears the binary result. 


2 


0003 


96 


00 


i 


Load the accumulator with 
the Hundreds BCD digit fOl,,). 


3 


0005 


27 


Hundreds 
BCD— 01 
Dieit 


0 


BEQ. Check the Z Hag. 
It's clear so continue. 


4 


0007 


4 A 


01 


0 


Decrement the BCD Hundreds Digit. 


5 


0008 


97 


New— 

Hundreds 00 
Digit 


1 


Store the new Hundreds Digit fOO). 


6 


000A 


96 


00 


1 


Load the accumulator with the 
Binary Result f00,„). 


7 


OOOC 


8B 


00 


1 


Add to the binary result 
64 


8 


000E 


97 


Binary- 
Result 64 

Now 


0 


Store away the new 
binary result. 


9 


0010 


20 


64 


0 


Branch back to address 0003 , s . 


10 


0003 


96 


64 


0 


Load the accumulator with the 
Hundreds BCD digit [00). 


11 


0005 


27 


00 


1 


BEQ. Check the Z flag. 

It's set so branch to address 0012 1K . 


12 


0012 


96 


00 ; 


1 


Load the accumulator with the 
tens BCD digit f01,„). 


13 


0014 


27 


Tens 

BCD— 01 
Digit 


0 


BEQ. Check the Z flag. 
It's clear so continue. 


14 


0016 


4 A 


01 


0 


Decrement the tens BCD digit f01 jr j- 


15 


0017 


97 


New 

Tens— 00 
Digit 


1 


Store the new tens BCD digit. 


16 


0019 


96 


00 


1 


Load the accumulator with 
the binary result [64,*). 


17 


001B 


8B 


64 


0 


Add OA,,, to the binary result. 


18 


001D 


97 


New- 
Binary— 6E 
Result 


0 


Store away the new binary 
result. 


19 


001 F 


20 


6E 


0 


Branch back to address 0012, K . 


20 


0012 


96 


6E 


0 


Load the accumulator with the 
tens BCD digit (00). 


21 


0014 


27 


00 


1 


BEQ. Check the Z flag. 

It's set so branch to address 0021 


22 


0021 


96 


00 


1 


Load the accumulator with the 
binary result f 6E !H ) . 


23 


0023 


9B 


6E 


0 


Add the units BCD digit !07„;]. 


24 


0025 


97 


New 

Binary— 75 
Result 


0 


Store the new binary result (75,*). 


25 


0027 


IE 


75 


0 


Halt. 



Figure 9-40 

Single-stepping through the BCD-to-binary conversion program. 
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The most frequent mistake made by programmers when using the branch 
instructions is the improper computation of the relative address. An 
improperly coded relative address not only prevents the program from 
executing properly, but can even wipe out portions of the program. In the 
next section of this experiment, you will witness the result of an incorrect 
relative address and the effect it has on the program. In this example, we 
will use the binary-to-BCD conversion program you studied earlier. 



Procedure (Continued) 

28. Load the program listed in Figure 9-41 into the Trainer. This 
program should convert the binary number 0111 0101 2 (75 16 ) into 
it's BOD equivalent. However, one of the relative addresses is 
incorrect. Part of this exercise is to locate the incorrect relative 
address and correct it. 

29. Now set the program counter to 0000 and single-step through the 
program. Record the results in the chart of Figure 9-42. Notice that 
we're monitoring the carry (C) flag because the program uses the 
BCS (Branch if Carry Set) instruction. 

30. Examine addresses 002B 16 , 002C 16 , and 002D 16 ; record the results 
below. 

002B Hundreds BCD Digit 

002C Tens BCD Digit 

002D Units BCD Digit 

Obviously, there is something wrong with the program. Although 
the hundreds and tens digits are believable, the units digit of 11 is 
impossible. Remember, a decimal number can only have a units 
digit of from 0 to 9 10 . 
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HEX 


HEX 


MNEMONICS/ 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS 




0000 


4F 


CLRA 


Clear the accumulator. 


0001 


97 


STA 


Store 00 


0002 


2B 


2B 


in location 002B H . This clears the hundreds digit. 


0003 


97 


STA 


Store 00. 


0004 


2C 


2C 


in location 002C lfi . This clears the tens digit. 


0005 


97 


STA 


Store 00 


0006 


2D 


2D 


in location 002D lrt . This clears the units digit. 


0007 


96 


LDA 


Load direct into the accumulator 


0008 


2A 


2A 


the binary number to be converted. 


0009 


80 


SUB 


Subtract immediate 


000A 


64 


64 


100 lH . 


000B 


25 


BCS 


If a borrow occurred, branch 


OOOC 


OA 


OA 


forward to the instruction in location 00l6 lrt . 


000D 


97 


STA 


Otherwise, store the result of the subtraction 


000E 


2A 


2A 


as the new binary number. 


000F 


96 


LDA 


Load direct into the accumulator 


0010 


2B 


2B 


the hundreds digit of the BCD result. 


0011 


4C 


INCA 


Increment the hundreds digit. 


0012 


97 


STA 


Store the hundreds digit 


0013 


2B 


2B 


back where it came from. 


0014 


20 


BRA 


Branch 


0015 


Fl 


Fl 


back to the instruction at address 0007 1K . 


0016 


96 


LDA 


Load direct into the accumulator 


0017 


2A 


2A 


the binary number. 


0018 


80 


SUB 


Subtract immediate 


0019 


OA 


OA 


10 lfi . 


001A 


25 


BCS 


If a borrow occurred, branch 


001B 


09 


09 


forward to the instruction in location 002 5 lH . 


OOlC 


97 


STA 


Otherwise, store the result of the subtraction 


001D 


2A 


2A 


as the new binary number. 


OOlE 


96 


LDA 


Load direct into the accumulator 


001 F 


2C 


2C 


the tens digit. 


0020 


4C 


INCA 


Increment the tens digit. 


0021 


97 


STA 


Store the tens digit. 


0022 


2C 


2C 


back where it came from. 


0023 


20 


BRA 


Branch 


0024 


Fl 


Fl 


back to the instruction at address 0016 lrt . 


0025 


96 


LDA 


Load direct into the accumulator 


0026 


2A 


2A 


the binary number. 


0027 


97 


STA 


Store it in 


0028 


2D 


2D 


the units digit. 


0029 


3E 


HLT 


Halt. 


002A 


' 75 


75 


Place binary number to be converted at this address. 


002B 
002C 
002D 






Hundreds digit ) . 
i-j-i i ■ • , 1 Reserved tor 
^ ens digit > „ _ . 
w • .. i? .. | BCD result. 
Units aigit J 



Figure 9-41 
A program with an incorrect relative address. 
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STEP 


PROGRAM 
COUNTER 


OPCODE 


ACCA 


c 

FLAG 


COMMENTS 


1 
2 
3 












4 
5 
6 












7 
8 
9 












10 
11 
12 












13 
14 
15 












16 
17 
18 












19 
20 













Figure 9-42 

Single-Stepping through the binary-to-BCD conversion program. 



31. Use the program listing and the chart that you've compiled and 
locate the error in the program. Then record the address of the 
instruction below. 

HINT: The problem is with the relative address for one of the 
branch instructions. When one of these addresses is incorrect, the 
program branches to the wrong address, possibly skipping por- 
tions of the program. Therefore, first determine the portions of the 
program that produced the wrong result and work back until you 
find the problem. 

Address Incorrect Relative Address 



32. Now calculate the correct relative address (operand) and record it 
below. 



Correct Relative Address 
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Discussion 

This exercise should have demonstrated the versatility of your Trainer to 
assist you in "debugging" programs. When you examined addresses 
002B 16 , 002C 16 , and 002D 16 , you found these results. 

002B 0_ 1_ Hundreds BCD Digit 

002C _0 J)_ Tens BCD Digit 

002D 1 1 Units BCD Digit 



Obviously, the units BCD digit is incorrect. Since the units digit is wrong, 
we begin to debug at this portion of the program. This happens to be the 
least complex section of the program because the binary number is 
simply loaded into the accumulator and stored in address 002D 16 . Com- 
paring the chart that you compiled against the program listing, we find 
that this portion of the program seems to be executing correctly. 

Therefore, we move back to the tens BCD digit portion of the program. 
Checking the program listing, we find that the tens BCD portion of the 
program begins at address 0016 16 . But as the chart in Figure 9-43 shows, 
when the program is single-stepped the tens BCD digit loop actually 
starts at address 001 7 16 . This is the wrong address. We find the problem 
when we move back to step 14 of the chart. This is the BCS (Branch if 
Carry Set) instruction at address 000B 16 . However, instead of branching to 
address 0016 16 as the comments column suggests, the program goes to 
address 0017 16 . Therefore, the relative address at address 000C 16 must be 
incorrect. When we check this relative address, we find that it should be 
09 16 , instead of 0A 16 . 

But, how did this incorrect operand affect the program? Following the 
chart in Figure 9-43, we find that the hundreds BCD portion of the 
program worked correctly. On the second loop through this portion of the 
program, the subtraction resulted in a borrow and the C flag was set. 
Hence, the BCS instruction produced the desired branch. 
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STEP 


PR on 1? AM 
COUNTER 




ACCA 


t_ 
FLAG 


LtUIVlJVlZUN Id 


1 


0001 


97 


00 


0 


Store 00 in Hundreds Digit. 


2 


0003 


97 


00 


0 


Store 00 in tens Digit. 


3 


0005 


97 


00 


0 


Store 00 in units Digit. 


4 


0007 


96 


00 


0 


Load the accumulator with 
the Binary number (75 1 6 ). 


5 


0009 


80 


75 


0 


Subtract 64 16 from accumulator 


6 


000B 


25 


11 


0 


BCS. Check C flag for borrow. 
It's clear so continue. 


7 


000D 


97 


11 


0 


Store away the new binary 
number. 


8 


000F 


96 


11 


0 


Load the accumulator with the 
Hundreds Digit (00). 


9 


! 0011 


4C 


00 


0 


Increment the Hundreds Digit. 


10 


0012 


97 


01 


0 


Store the Hundreds Digit. 


11 


0014 


20 


01 


0 


Branch back to address 0007 I6 . 


12 


0007 


96 


01 


0 


Load the accumulator with the 
Binary Number (11 


13 


0009 


80 


11 


0 


Subtract 64 16 from accumulator. 
RFS Phprk C Flae fnr hnrrnw 


14 


000B 


25 


AD 


\ 


It's spt <;n hranrh tn arlHrp^c; nfl1fi.« 

ii o oui ou uiaiiui iu auui co j uuiuiij> 


15 


Tens BCD | ^ 
0017 


^ m Wrong 
^ Address 
2A 


AD 


1 


What's this? 


16 


0019 


OA 


AD 


1 




17 


001A 


25 


AD 


1 


BCS. Check C Flag. 
It's still set so branch to 
address 0025 lfl . 


18 


Units BCDI 
0025 


96 


AD 


1 


Load the accumulator with 
the Binary number. 


19 


0027 


97 


11 


1 


Store it in the units Digit. 


20 


0029 


3E 


11 


1 


Halt. 



Figure 9-43 
Locating the incorrect relative address. 
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But, instead of branching to address 0016 16 , where we would have found 
a load accumulator instruction (96 16 ) with an operand of 2A 16 , the pro- 
gram branches to address 001 7 16 . The Trainer now interprets the operand 
(2A 16 ) as an instruction or op code. The op code 2A, as you may recall, 
represents a valid instruction which is "Branch if Plus." TheMPU checks 
the N flag and finds it set, because at this time, the negative number AD 16 
is in the accumulator. Therefore, the condition is not satisfied, and the 
Trainer continues on to the next instruction. 

Single-stepping again (now we are at step 16) the next op code is OA. 
Actually, this should be the operand for the subtract instruction at ad- 
dress 0018 16 . But since we are off by one, it appears to be the op code. The 
Trainer checks the op code OA and finds that it's an inherent instruction 
to "clear the overflow flag." It executes this instruction. 

Step 17 finds the program at address 001 A l6 . Here, we encounter another 
BCS conditional branch instruction. The C flag is still set so we branch to 
address 0025 16 . The program works properly from this point on. 

Therefore, this one incorrect relative address caused the program to skip 
the tens BCD portion of the program. The tens unit was never subtracted, 
so it carried over into the units BCD digit. This produced the wrong units 
digit of ll l0 . 



Procedure (Continued) 

33. Now change the operand at address 000C 16 from 0A 16 to 09 16 . 

34. Also change the number at address 002A 16 to 75 16 , This is the 
number that the program will convert to its BCD equivalent. 

35. Reset the program counter to 0000 and single-step through the 
program comparing the program listing with the results that you 
obtain. 
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36. Examine the addresses listed below and record the information 
stored there. 

002B Hundreds BCD Digit 

002C Tens BCD Digit 

002D Units BCD Digit 



Is this the correct BCD representation for the number 75 16 ? 



Discussion 

When the program is corrected by inserting the relative address (09 16 ) at 
address 000C 16 , we find that it works perfectly. After single-stepping 
through the program, we examine the BCD digits stored at addresses 
002B 16 , 002C 16 , and 002D 16 . The hundreds digit is 01 10 , the tens digit is 
01 10 , and the units digit is 07 10 . Therefore, the BCD equivalent of the 
binary number 0111 0101 2 (75 16 ) is 117 10 . 
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Experiment 6 

ADDITIONAL INSTRUCTIONS 

OBJECTIVES: 

To verify the operation of the ADC instruction when used 
in a multiple-precision addition program. 

To investigate the hazard of using the ADC instruction 
when a carry is not desired. 

To demonstrate your ability to write a multiple-precision 
subtraction program using the SBC instruction. 

To demonstrate your ability to write a routine that will 
multiply any 4-bit binary number times 16 10 using the 
ASLA instruction. 

To verify the operation of a BCD packing program that 
uses the ASLA instruction. 



To verify the operation of the DAA instruction when used 
in a BCD multiple-precision addition program. 
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Introduction 

One of the measures of a microprocessor's power is the size of the 
instruction set. In other words, more instructions generally mean more 
potential power. You saw the economy that resulted with the addition of 
branch instructions in the previous experiment. In this experiment, we 
will examine four additional instructions; the ADC or add with carry, the 
SBC or subtract with carry, the ASLA or arithmetic shift accumulator left, 
and the DAA or decimal adjust accumulator. 

The discussion in Unit 4 explained the purpose of each instruction. In 
this experiment, we will restrict our activity to verifying that each in- 
struction works as explained. 

In the previous experiment, you examined the condition code registers 
and how the MPU monitors these flag registers to initiate conditional 
branches. Yet, these condition code registers are also monitored for other 
instructions. For example, the ADC (add with carry) and SBC (subtract 
with carry) instructions key on the C or carry flag. If an ADC instruction is 
executed and the carry flag is set, one is added to the least significant bit 
in the accumulator. Likewise, if the C flag is set when an SBC instruction 
is executed, one is subtracted from the least-significant bit of the ac- 
cumulator. Remember, the C flag represents a "borrow" to the subtract 
instruction. 

In the first portion of this experiment, we will verify the operation of the 
ADC instruction with a program for multiple precision arithmetic. Then 
we will examine one of the hazards of using this instruction. 
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HEX \ 


HEX 


MNEMONICS/ 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS 






oooo I 


01 


NOP 


No operation 




0001 


96 


LDA 


Load the accumulator direct with the 


0002 


OE 


OE 


least significant byte of the addend. 


0003 


9B 


ADD 


Add direct the 




0004 


10 


10 


least significant byte of the augend. 


0005 


97 


STA 


Store the result in the 




0006 


12 


12 


least significant byte of the sum. 


0007 


96 


LDA 


Load the accumulator direct with the 


0008 


OF 


OF 


most significant byte of the addend. 


0009 


99 


ADC 


Add with carry direct the 


000A 


11 


11 


most significant byte of the augend. 


000B 


97 


STA 


Store the result in the 




OOOC 


13 


13 


most significant byte of the sum. 


000D 


3E 


HLT 


Halt 




000E 
000F 


EA 
CO 


EA 
CO 


Least significant byte 
Most significant byte 


► addend 


0010 


93 


93 


Least significant byte 


> augend 


UU 1 1 


1 D 


Id 


Most significant byte 




0012 






Least significant byte 


> sum 


0013 






Most significant byte 





Figure 9-44 
Program for multiple-precision addition. 
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Procedure 

1. Turn on the Trainer and press the RESET key. 



2. Load the program listed in Figure 9-44 into the Trainer. This 
program performs multiple-precision addition of two 16 10 bit num- 
bers. The augend 1B93 16 will be added to the addend COEA 16 by 
this program. Of course, the program can add any numbers that are 
16 10 bits or less. 

3. Change the program counter to 0000 and single-step through the 
program, recording the information in the chart of Figure 9-45. 
Notice that we are monitoring the carry (C] flag. 

4. Examine memory location 0012 16 and 0013 16 and record the sum 
below. 



SUM 



STEP 


PROGRAM 
COUNTER 


OPCODE 


ACCA 


C 

FLAG 


COMMENTS 


1 
2 
3 
4 
5 
6 
7 













Figure 9-45 
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5. Add the binary numbers below. These numbers are the binary 
equivalent of the two hex numbers added by the program just 
executed. 

MSB LSB 
COEA 16 = 1100 0000 1110 1010 
1B93 16 = 0001 1011 1001 0011 

SUM 



Now, convert the binary sum to its hexadecimal equivalent and 
record below. 

SUM 

Does this match the sum obtained in step 4? 

6. Now load the program of Figure 9-46 into the Trainer. This pro- 
gram simply adds two binary numbers and produces a carry. 
Hence, it will set the C flag. You will see its purpose in a moment. 

Execute the program by pressing the DO key and then entering 
address 0000. 

7. Examine the carry (C) condition code register. The C flag is 

set/reset 



HEX 
ADDRESS 


HEX 
CONTENTS 


MNEMONICS/ 
CONTENTS 


COMMENTS 


0000 


86 


LDA 


Load the accumulator immediate 


0001 


EA 


EA 


with EA lfi . 


0002 


8B 


ADD 


Add immediate 


0003 


93 


93 


93 


0004 j 


3E 


HLT 


Halt 



Figure 9-46 
Program adds two numbers and produces carry. 



HEATHK1T 

CONTINUING 
EDUCATION 



Programming Experiments 



9-85 



Enter the program listed in Figure 9-47 into the Trainer. Notice that 
this is the same multiple-precision addition program previously 
executed, with the exception that the ADD Instruction has been 
replaced by the ADC instruction, as shown by the shaded section. 



HEX 
ADDRESS 



HEX 
CONTENTS 



MNEMONICS/ 
CONTENTS 



COMMENTS 



0000 
0001 
0002 

^ \ \ \ \ \ > 
0004 

0005 

0006 

0007 

0008 

0009 

000A 

000B 

000C 

000D 

000E 
000F 

0010 
0011 

0012 
0013 



01 
96 
OE 

» \\ \ 
10 

97 

12 

96 

OF 

99 

11 

97 

13 

3E 

EA 
CO 

93 
IB 



NOP 

LDA 

OE 

>ADC\ 
k\\\\\> 

10 
STA 

12 
LDA 

OF 
ADC 

11 
STA 

13 
HLT 

EA 
CO 

93 
IB 



No operation 

Load the accumulator direct with the 

least significant byte of the addend 

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ 
^Add with carry direct the \\\\\\\\\V 
\ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \\\\\\\\\\\ 

least significant byte of the augend. 

Store the result in the 

least significant byte of the sum. 

Load the accumulator direct with the 

most significant byte of the addend. 

Add with carry direct the 

most significant byte of the augend. 

Store the result in the 

most significant byte of the sum. 

Halt 



Least significant byte 
Most significant byte 

Least significant byte 
Most significant byte 



Least significant byte 
Most significant byte 



addend 



augend 



> sum 



Figure 9-47 

Mutiple-precision addition program with instruction at address 0003 16 changed. 
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9. Set the program counter to 0000 and single-step through the prog- 
ram, recording the information in the chart of Figure 9-48. 

10, Examine memory locations 0012 16 and 0013 16 . Record the sum 
below. 

SUM 

Compare this sum to the previous sum recorded in step 4. Are they 
the same? 

yes/ no 



Why are the sums different? 



From this demonstration, what conclusion can you draw concern- 
ing the use of the ADC instruction? 



STEP 


PROGRAM 
COUNTER 


OPCODE 


ACCA 


C 

FLAG 


COMMENTS 


1 
2 
3 
4 
5 
6 
7 













Figure 9-48 
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Discussion 

In steps 1 through 3 of this experiment, you loaded a multiple-precision 
addition program similar to the one you studied in Unit 4. Single- 
stepping through the program, you witnessed the operation of the ADC 
instruction. The chart you compiled should be similar to the chart in 
Figure 9-49. When you checked memory locations 0012 16 and 0013 16 , you 
found the LSB and MSB respectively of the 16 10 -bit sum. The sum should 
have been DC7D 16 . 

In step 5 you added the binary equivalents of the hex numbers, COEA 16 
and 1B93 16 . The sum was the binary equivalent of the sum produced by 
the program, as shown below. 

MSB LSB 



COEA 16 = 

1B93 16 

SUM 



1 

1100 0000 
0001 1011 

1101 1100 



1110 1010 
1001 0011 
0111 1101 



As you noticed, a carry is generated by the addition of the least significant 
bytes of the two numbers. When you were single-stepping through the 
program, you observed this carry because the C flag was set. The addition 
of the most significant bytes did not produce a carry. Therefore, the carry 
flag was cleared. 



STEP 


PROGRAM 
COUNTER 


OPCODE 


ACCA 


C 

FLAG 


COMMENTS 


1 


0001 


96 


Random 


Random 


Load the accumulator with the LSB 
of Addend (EA 16 ). 


2 


0003 


9B 


EA 


Random 


Add the LSB of the Augend (93 lft ). 


3 


0005 


97 


7D 


1 


Store result in LSB of sum. 


4 


0007 


96 


7D 


1 


Load the accumulator with the 
MSB of the Addend (CO l6 ). 


5 


0009 


99 


CO 


1 


Add with carry the MSB of 
the Augend (1B 16 ). 


6 


000B 


97 


DC 


0 


Store result in MSB of Sum. 


7 


000D 


3E 


DC 


0 


Halt. 



Figure 9-49 
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When you converted the binary number to hexadecimal, you found that 
the sum was the same as that produced by the program. 

1101 1100 0111 1101 
DC 7 D 



In step 6, you loaded a simple program that added the numbers EA 16 and 
93 16 . Of course, the addition generated a carry, as you witnessed when 
you checked the C flag and found it set. 

In step 8, you loaded another multiple-precision addition program into 
the Trainer. The only difference between this program and the previous 
multiple-precision addition program was that the first add instruction 
was the ADC (add with carry), rather than the ADD. Then you single- 
stepped through the program and completed the chart of Figure 9-48. 
Your chart should be similar to the one shown in Figure 9-50. 

When you examined the sum at addresses 0012 16 and 0013 16 , you found 
DC7E 16 . The correct sum, as you verified earlier, should have been 
DC7D 16 . If you checked the chart compiled while single-stepping through 
the program, the reason for this incorrect answer should have been 
evident. The carry flag was set even before the program was executed. 
Therefore, when the Trainer executed the first ADC instruction, it au- 
tomatically added the carry (1 2 ) to the sum of the least significant bytes. 
Hence, the result 7E was one greater than the correct sum of 7D. 



STEP 


PROGRAM 
COUNTER 


OPCODE 


ACCA 


C 

FLAG 


COMMENTS 


1 


0001 


96 


Random 


1 


Load the accumulator with the LSB 
of Addend (EA W ). 


2 


0003 


99 


EA 


1 


Add with carry the LSB of the Augend 93 lfi ). 


3 


0005 


97 


7E 


1 


Store result in LSB of sum. 

Load the accumulator with the MSB 


4 


0007 


96 


7E 


1 


of Addend (C0 18 ). 


5 


0009 


99 


CO 


1 


Add with carry the MSB of the 
Augend (1B 16 ). 


6 


000B 


97 


DC 


0 


Store result in MSB of sum. 


7 


000D 


3E 


DC 


0 


Halt. 



Figure 9-50 

Single-stepping through the multiple-precision addition program where both add in- 
structions are ADC. 
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From this demonstration you should have reached the conclusion that 
the ADC instruction should not be used unless you are positive of the 
condition of the C flag. You must remember that the C flag is only reset by 
an arithmetic operation that doesn't produce a carry or a borrow. For 
example, in the program that worked properly, we used the simple ADD 
instruction for the first addition. Naturally, this instruction ignores the 
condition of the C flag, so it doesn't matter if it's set or reset. This is a 
simple way of playing it safe. The second addition used the ADC instruc- 
tion because we wanted any carry from the least significant byte to be 
reflected in the most significant byte. 

The SBC (subtract with carry) instruction is similar to the ADC instruc- 
tion because it also monitors the C flag to indicate a borrow. In the next 
section of this experiment, you will write a program that uses the SBC 
instruction for multiple-precision subtraction of 16 10 -bit numbers. 



Procedure (Continued) 

11. Write a program that will perfrom multiple-precision subtraction 
of two 16io-bit (2-byte) numbers. The following guidelines define 
the problem. 

a. The program must subtract a 1 6 10 -bit subtrahend from a 1 6 10 -bi t 
minuend and store the difference in memory. 

b. Use the direct addressing mode. 

c. Select the op codes from the instruction listing in Figure 9-51. 

12. Now load the program. Enter 9721x6 in the locations reserved for 
the minuend and 7581 16 in the locations reserved for the sub- 
trahend. 

13. Single-step through the program and observe its operation. 
Examine the locations where the difference is stored and record the 
2-byte difference below. 

DIFFERENCE 
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Q START J 







Load the 
LSB of the 
Minuend 






Subtract the 
LSB of the 
Subtrahend 






Store Result 
in LSB of 
Difference 






Load the 
MSB of the 
Minuend 






Subtract with 
carry the MSB 
of the 
Subtrahend 






Store Result 
in MSB of 
Difference 







Q STOP J 



INSTRUCTION 


MNEMONIC 


ADDRESSING MODE 




IMMEDIATE 


DIRECT 


RELATIVE 


INHERENT 


Load Accumulator 


LDA 


86 


96 




4F 


Clear Accumulator 


CLRA 








Decrement Accumulator 


DECA 








4A 


Increment Accumulator 


INC A 








4C 


Store Accumulator 


STA 




97 






Add 


ADD 


8B 


9B 






Subtract 


SUB 


80 


90 






Add with Carry 


ADC 


89 


99 






Subtract with Carry 


SBC 


82 


92 






Arithmetic Shift 










48 


Accumulator Left 


ASI.A 








Decimal Adjust 










19 


Accumulator 


DA A 








Halt 


Hl.T 








.IE 



Figure 9-52 
Flow chart for 
multiple-precision subtraction. 



Figure 9-51 
Instructions. 



Discussion 

If you made a flow chart of the problem, your flow chart probably looks 
like the one shown in Figure 9-52. Your program should be similar to the 
solution shown in Figure 9-53. After stepping through the program on 
the Trainer, the difference of the subtraction should have been 21 A0 16 . If 
you didn't obtain this answer, go back and recheck your program. 

You may have used the SBC instruction for the first subtraction. If you 
did, this might explain the problem, because if the C flag is set when this 
instruction is executed a 1 will be borrowed from the difference. There- 
fore, your answer would have been 1 less than the correct answer, or 
219F 16 . If the carry flag was cleared before you executed the program, the 
result would still be correct. 

In the next section of this experiment, we will examine the ASLA (arith- 
metic shift accumulator left) instruction. You will also write a simple 
program that uses this instruction to multiply any 4 10 -bit number by 16 10 . 
This simple routine will prove it's usefulness later. 

Recall from the discussion in Unit 4 that each ASLA operation multiplies 
the contents of the accumulator by two. 



Procedure (Continued) 



14. Use the instructions listed in Figure 9-51 and write a program that 
uses the ASLA instruction to multiply any 4 10 -bit number by 16 10 . 
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HEX 


HEX 


MNEMONICS/ 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS 




0000 


96 


LDA 


Load accumulator direct with 


0001 


OD 


OD 


least significant byte of minuend 


0002 


90 


SUB 


Subtract direct 


0003 


OF 


OF 


least significant byte of sub- 
trahend 


0004 


97 


STA 


Store result in | 


0005 


11 


11 


least significant byte of difference 


0006 


96 


LDA 


Load accumulator direct with 


0007 


OE 


OE 


most significant byte of minuend 


0008 


92 


SBC 


Subtract with carry 


0009 


10 


10 


most significant byte of the sub- 
trahend 


000A 


97 


STA 


Store result in 


000B 


12 


12 


most significant byte of difference 


OOOC 


3E 


HLT 


Halt 


000D 


21 


21 


Least significant byte) Minuend 
Most significant byte 1 


OOOE 


97 


97 


OOOF 


81 


81 


Least significant byte) « , . , _, 
u t . . f . *u * / Subtrahend 
Most significant byte 1 


0010 


75 


75 


0011 






Least significant byte) 

Most significant byte/ Dlfference 


0012 







Figure 9-53 
Program for multiple-precision subtraction. 



15. Enter your program into the Trainer and then have your program 
multiply OF 16 (15 10 ) by 16 10 . Record the product below. 

OF 16 x 16 10 = 16- 

16. Convert the product obtained to its decimal equivalent. 

Decimal equivalent 10 . 

Now check your result by multiplying 15 10 times 16 10 . 
15 10 x 16 10 = 1<). 

17. In this program, the multiplier is determined by the number of 
ASLA instructions. How many ASLA instructions are required to 
produce a multiplier of 4 10 ? 
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Discussion 

The program for this simple routine is shown in Figure 9-54. Notice that it 
uses 4 10 ASLA instructions to produce the required multiplier of 16 10 . If 
your program worked properly, the final product should have been F0 16 . 
Converting this number to its decimal equivalent, we find that F0 16 equals 
240 10 . When we multiplied 15 10 times 16 10 , we also found the product was 
240 10 . Therefore, the program works. 

Only two ASLA instructions are necessary to produce a multiplier of 4 10 ; 
three ASLA instructions will result in a multiplier of 8 10 . 

Another use for the ASLA instruction is to pack two BCD digits into a 
single byte. This "packing" can result in a significant savings of memory 
if many BCD numbers are used. Let's verify the operation of the BCD 
packing program that was presented in Unit 4. 



HEX 


HEX 


MNEMONICS/ 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS 




0000 


96 


LDA 


Load the accumulator with the 


0001 


09 


09 


4-bit multiplicand 


0002 


48 


ASLA 


\ Shift the accumulator 


0003 


48 


ASLA 


I four places to the left 


0004 


48 


ASLA 


I multiplying the multiplicand by 


0005 


48 


ASLA 


' 16 w . 


0006 


97 


STA 


Store the product 


0007 


OA 


OA 


at this location 


0008 


3E 


HLT 


Halt 


0009 


OF 


OF 


4-bit multiplicand 


000A 






Product 



Figure 9-54 

Program that uses the ASLA instruction to multiply a 4-bit number times 16 10 . 
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Procedure (Continued) 

18. Enter the BCD packing program listed in Figure 9-55 into the 
Trainer. The unpacked BCD numbers are 09 10 and 03 10 . 

19. Set the program counter to 0000 and single-step through the pro- 
gram, recording the information below. Where it is indicated, con- 
vert the hexadecimal contents of the accumulator to the binary 
equivalent. 



Program 


Op code 


ACCA 


Binary Equivalent 


Count 








0001 


96 


Random 


Random 


0003 


48 






0004 


48 






0005 


48 






0006 


48 






0007 


9B 






0009 


97 






000B 


3E 


HALT 





HEX 


OPCODES/ 


MNEMONICS/ 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS 




0000 


01 


NOP 


Do nothing 


0001 


96 


LDA 


Load into the accumulator direct 


0002 


OD 


OD 


the unpacked most significant 








BCD digit. 


0003 


48 


ASLA 




0004 


48 


ASLA 


I Shift it four places 


0005 


48 


ASLA 


4 to the left. 


0006 


48 


ASLA j 




0007 


9B 


ADD 


Add the 


0008 


OE 


OE 


unpacked least significant 








BCD digit. 


0009 


97 


STA 


Store the result 


000A 


OC 


OC 


in the packed BCD number 


000B 


3E 


HLT 


Halt 


OOOC 


00 


00 


Packed BCD number 


OOOD 


09 


09 


Unpacked most significant 








BCD digit. 


000E 


03 


03 


Unpacked least significant 








BCD digit. 



Figure 9-55 
Program to pack two BCD digits into a single byte. 
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20. Examine the packed BCD number at address 000C 16 and record it 
below. 



Packed BCD Number 



Discussion 

As you can see, the BCD packing program is very simple. Nevertheless, 
simple routines such as this can be combined in many programs, easing 
the task of programming. Most programmers either commit these general 
purpose routines to memory or file them away for future reference. 

The results you obtained by stepping through the program should be 
similar to those shown below. 



PROGRAM 
COUNT 



OP CODE 



ACCA 



BINARY EQUIVALENT 



0001 


96 


Random 


Random 


0003 


48 


09 


0000 1001 


0004 


48 


12 


0001 0010 After 1st shift 


0005 


48 


24 


0010 0100 After 2nd shift 


0006 


48 


48 


0100 1000 After 3rd shift 


0007 


9B 


90 


1001 0000 After 4th shift 


0009 


97 


93 


1001 0011 


000B 


3E 







As the listing shows, the most significant BCD digit (09 10 ) is loaded into 
the accumulator. Four ASLA shifts take place, moving this digit progres- 
sively to the left. Following these four shifts, the most significant BCD 
digit is properly positioned. Now the program simply adds the least 
significant BCD (03 10 ) to the contents of the accumulator and then stores 
the sum. Checking the address of the packed BCD number, we find 93 10 . 

When BCD numbers are added, we encounter yet another problem. Often, 
the sum is the correct BCD number. But, just as frequently, it isn't. In Unit 
4 , the reason for this inconsistency was discussed. However, your Trainer 
has an instruction, called the ''Decimal Adjust Accumulator" (DAA), that 
can correct the sum of BCD numbers, producing the desired result. 

In the next portion of this experiment, we w r ill demonstrate the need for 
the DAA instruction by first adding two BCD numbers without using the 
DAA instruction. Then we will check the sum. Next, we will correct the 
program by inserting DAA instructions and again examine the BCD sum. 
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Procedure (Continued) 

21. Load the program listed in Figure 9-56 into your Trainer. This 
program adds the BCD numbers 3792 10 and 5482 10 , storing the sum 
in address 001 1 16 and 0012 16 . 

22. RESET the Trainer and execute the program by first pressing the 
DO key and entering address 0000. 

23. Again, press the RESET key and then examine the sum stored at 
address 001 1 16 and 0012 16 . The most significant byte of the sum is at 
address 0011 16 and the least significant byte is at address 0012 16 . 
Record the sum below. 

SUM 

Is this the correct BCD sum for the addition of the numbers 3792 10 

and 5482 10 ? 

yes/no 



HEX 


HEX 


MNEMONICS/ 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS 






0000 


96 


LDA 


Load the accumulator direct with 


0001 


OE 


OE 


the least significant byte of 








addend. 




0002 


9B 


ADD 


Add direct 




0003 


10 


10 


the least significant byte of 








augend 




0004 


97 


STA 


Store the result in 




0005 


12 


12 


the least significant byte of BCD 








sum. 




0006 


96 


LDA 


Load the accumulator direct with 


0007 


OD 


OD 


the most significant byte of 








addend 




0008 


99 


ADC 


Add with carry 




0009 


OF 


OF 


the most significant byte of 








augend 




000A 


97 


STA 


Store the result in 




000B 


11 


11 


the most significant byte of BCD 








sum. 




OOOC 


3E 


HLT 


Halt 




OOOD 
OOOE 


37 
92 


37 
92 


Most significant byte i 
Least significant byte] 


► BCD Addend 


000F 


54 


54 


Most significant byte i 


> BCD Augend 


0010 


82 


82 


Least significant bytej 


0011 






Most significant byte i 


► BCD Sum 


0012 






Least significant byte] 



Figure 9-56 

Incorrect program for multiple-precision addition of BCD numbers. 
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24. Now load the corrected multiple-precision BCD addition program 
listed in Figure 9-57 into your Trainer. Notice that the only changes 
between this program and the previous program are the additions 
of the NOP instruction and the two D AA instructions following the 
addition operations. 

25. Change the program counter to 0000 and single-step through the 
program, recording the information below. 



STEP 1 



PROGRAM COUNT 



OP CODE 



STEP 2 



PROGRAM COUNT OP CODE ACCA 



STEP 3 



PROGRAM COUNT OP CODE ACCA C FLAG 



HEX 


HEX 


MNEMONICS/ 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS 






0000 


01 


NOP 


Do nothing 




0001 


96 


LDA 


Load the accumulator direct 








with the 




0002 


11 


11 


least significant byte of addend. 


0003 


9B 


ADD 


Add direct 




0004 


13 


13 


the least significant byte of 








augend. 




0005 


19 


DA A 


Decimal adjust the sum to BCD. 


0006 


97 


STA 


Store the result in the 


0007 


15 


15 


least significant byte of BCD sum 


0008 


96 


LDA 


Load the accumulator direct 








with the 




0009 


10 


10 


most significant byte of addend. 


000A 


99 


ADC 


Add with carry the 




000B 


12 


12 


most significant byte of augend. 


oooc 


19 


DAA 


Decimal adjust the sum to BCD. 


000D 


97 


STA ; 


Store the result in the 




000E 


14 


14 


most significant byte of BCD sum. 


000F 


3E 


HLT 


Halt. 




0010 


37 


37 


Most significant byte ] 




0011 


92 


92 


Least significant byte i 


► BCD Addend 


0012 


54 j 


54 


Most significant byte * 


► BCD Augend 


0013 


82 


82 


Least significant byte 


0014 






Most significant byte * 




0015 






Least significant byte 


► BCD Sum 



Figure 9-57 
Program for adding multiple-precision BCD numbers. 
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The sum of the addition of the least significant bytes is now in the 
accumulator. Is this the correct BCD sum for the numbers 92 10 and 
82 10 ? 

yes/no 



When the DAA instruction (op code 19) is executed, will this 
number be corrected? 

yes/no 



STEP 4 



PROGRAM COUNT OPCODE ACCA C FLAG 



As you can see, the DAA instruction did correct the left-most digit 
by adding 60 16 to the sum. Since the result 14, 0 appears to be a 
legitimate BCD number, how did the MPU know it was not the 
valid BCD sum? 



STEP 5 



PROGRAM COUNT OPCODE ACCA C FLAG 



STEP 6 



STEP 7 



PROGRAM COUNT OPCODE ACCA C FLAG 



PROGRAM COUNT OP CODE ACCA C FLAG 



It's obvious that this number (8C 16 ) is not the BCD sum of 37 10 and 
54 10 . What number will the MPU add to 8C 16 to produce the desired 
BCD sum? 

STEP 8 



PROGRAM COUNT OPCODE ACCA C FLAG 



STEP 9 



PROGRAM COUNT OP CODE ACCA 
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26. Now examine the BCD sum at addresses 0014 16 and 0015 16 and 
record below. 



SUM 



-10- 



Discussion 

When you executed the first program to add BCD numbers, it was obvious 
that the sum 8C14 was not the correct BCD number. The answer should 
have been 9274 10 . Naturally, the MPU considered these BCD numbers as 
hexadecimal numbers, hence, the hexadecimal sum. 

However, when the program was modified by the addition of DAA 
(decimal adjust accumulator) instructions after each addition operation, 
the result was the correct BCD number. As you stepped through the 
program you saw the DAA instruction in operation. 

At step 3, the BCD numbers 92 10 and 82 10 had been added and the 
accumulator was supposedly storing the sum 14 10 . A carry was generated 
by the setting of the C flag. However, the sum was not correct. Instead of 
14 10 , the sum should have been 174 10 , To the MPU, the addition looked 
something like this. 

1001 0010, = 92 16 
C FLAG 1000 0010o = 82 16 



1 Carry 0001 0100 2 114 



If we ignore the carry, the sum 14 16 appears to be a legitimate BCD 
number. Nevertheless, the sum would be incorrect. Taking the carry flag 
into consideration, remember it's just an extension of the accumulator, 
we find the sum is 114 l6 . In hex, this is the correct sum of the two 
numbers. 
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In step 4, the DA A instruction had been executed and, as you witnessed, 
the number 14 16 had been adjusted to the correct BCD sum of 74 10 . The 
carry flag was set, indicating that the sum of the two left-most 4-bit binary 
numbers was larger than 1001 2 (9 16 ). Actually, it was 1 0001 2 . When the 
DAA instruction was executed, the MPU followed the conversion rules 
and adjusted the sum by adding 60 16 as shown below. 

Carry Carry 

1 0001 0100 2 = 1 14 16 

0110 0000 2 = 60 l6 



1 0111 0100 2 = 1 74 



The result is 74 16 with a carry of 1 16 . This is the correct BCD sum for the 
two BCD numbers. If we include the carry, the result is 174 10 which is 
indeed the decimal sum of 92 10 and 82 10 . However, this exceeds the 
capacity of our storage locations, since they're only 8-bits long, so the 
carry is carried forward to the addition of the most significant bytes of the 
numbers in the next step. 

As you continued single-stepping through the program, the most sig- 
nificant bytes were loaded and added with the ADC instruction. At step 7, 
the sum of this addition was in the accumulator. It was obvious that the 
sum 8C 16 wasn't a BCD number. To adjust this number to the correct BCD 
sum, 06 16 was added by the DAA instruction. The BCD adjusted sum 92 10 
was the result. 

In the final step of the experiment, you verified program operation by 
examining the BCD sum at locations 0014 l6 and 0015 l6 . Here you should 
have found the sum 9274 10 . 
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Experiment 7 

NEW ADDRESSING MODES 



OBJECTIVES: 



To demonstrate the extended addressing mode. 
To demonstrate the indexed addressing mode. 



To gain experience using the instruction set and registers of the 
MPL7. 



NOTES: 



1. If the Trainer you are using has a model number ET-3400A, it will 
not be necessary for you to add the two RAM IC's (listed under 
Material Required) to your Trainer. After reading the introduction, 
begin this experiment at Procedure step 6. 



2. If the Trainer you are using has a model number ET-3400, check IC 
locations IC16 and IC17. If these two locations do not contain IC's 
(2112 Heath number 443-721), begin this experiment at Procedure 
step 1. If these two locations are equipped with the 2112 IC's begin 
this experiment at Procedure step 6. 



Material Required 

Microprocessor Trainer 



2 - 2112-2 IC's (Heath Number 443-721) 



Introduction 



In Unit 5. you learned that the MPU has two new addressing modes called 
extended and indexed addressing. Either of these addressing modes can 
be used to reach operands anywhere in memory. By contrast, the direct 
addressing mode can be used only when the operand is in the first 256,,, 
bytes of memory. 



HEATHKIT I o mi 

^jgjJJIMUIjW Programming Experiments j C7~ I U I 



Procedure 

1. Turn your ET-3400 Microprocessor Trainer off and unplug it. 

2. Locate the two 2112-2 IC's (Heath number 443-721) that were 
supplied with this course. Notice that these IC's are packed in 
conductive foam. 



NOTE: These IC's are rugged, reliable components. However, normal 
static electricity discharged from your body through an IC pin to an object 
can damage the IC. Install these IC's without interruption as follows: 

A. Remove the IC from its package with both hands. 

B. Hold the IC with one hand and straighten any bent pins with 
the other hand. 



C. Refer to Figure 9-58. Position the pin 1 end of the IC over the 
index mark on the circuit board. 



D. Be sure each IC pin is properly started into the socket. Then 
push the IC down. 




Figure 9-58 



3. Install one of the IC's in the empty socket labelled IC16 on the 
ET-3400 Trainer. 



4. Install the other IC in the socket labelled IC17. 



NOTE: Until now, you could not use the extended addressing mode 
because the ET-3400 Trainer had only 256 ln bytes of RAM memory. The 
installation of the two RAM IC's in the above steps has added an addi- 
tional 256 m bytes of RAM memory necessary for the extended addressing 
mode. 



Programming Experiments 9-101.1 



5. Plug in your Trainer and turn it on. 

6. Using the AUTO mode, load the numbers 00 through OF into 
memory locations 0100 through 010F, respectively. 

7. Using the EXAM and FWD keys, verify that the above numbers 
were stored in those addresses. 

Discussion 

The ET-3400A Trainer required no hardware modifications to acquire 
512 10 bytes of RAM in addresses 0000 16 through 01FF 16 . The two 2114 
RAM IC's at IC14 and IC15 already have this capacity. However, the 
ET-3400 Trainer uses 2112 RAM IC's. The two IC's at IC14 and IC15 
contain only the first 256 10 bytes of memory from 0000 16 to 00FF 16 . 

Therefore, to extend the RAM capacity of the ET-3400 Trainer, an addi- 
tional 256 10 bytes, it may have been necessary to install two additional 
2112 IC's at locations IC16 and IC17. The starting address of this new 
RAM is 0100 lfi and extends through 0lFF l6 for a total of 512 10 bytes. When 
operands are placed at addresses above 00FF l6 , the extended addressing 
mode is generally used. 



Procedure (Continued). 



8. Figure 9-59 shows a program for adding a list of numbers. Because 
the numbers are in addresses higher than OOFF^, the extended 
addressing mode is used. Load this program into the Trainer and 
verify that you have loaded it properly. 

9. Execute the program using the single-step mode. The first instruc- 
tion sets the contents of accumulator A to 

10. Examine the program counter and accumulator A after each in- 
struction is executed. Each time an ADDA extended instruction is 
executed, the program counter is advanced bytes. 

11. Examine the contents of accumulator A after the final instruction is 
executed. The number in accumulator A is . 

12. Refer to your instruction set summary card. How many MPU cycles 
are required to execute this program? _ 



Discussion 

The program adds the ten numbers giving the sum 55 10 or 37 u; . It requires 
51 MPU cycles. Notice that the program itself takes up 32 ,„ bytes of 
memory. The data (the ten numbers) use another 10, „ bytes. 

A repetitive program like this one is an excellent candidate for indexed 
addressing. Let's see how the same job can be done using indexed 
addressing. 
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HEX 


HEX 


MNEMONICS/ 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS 




0100 


4F 


CLRA 


Clear accumulator A 


0101 


BB 


ADDA 


Add the first number 


0102 


01 


01 


which is at this 


0103 


20 


20 


address. 


0104 


BB 


ADDA 


Add the second number. 


0105 


01 


01 




0106 


21 


21 




0107 


BB 


ADDA 


Add the third number. 


0108 


01 


01 




0109 


22 


22 




010A 


BB 


ADDA 






010B 


01 


01 






010C 


23 


23 






010D 


BB 


ADDA 






010E 


01 


01 






010F 


24 


24 






0110 


BB 


ADDA 






0.111 


01 


01 






0112 


25 


25 






0113 
0114 
0115 


BB 
01 
26 


ADDA 
01 
26 




Continue until all numbers are 
added. 


0116 


BB 


ADDA 






0117 


01 


01 






0118 


27 


27 






0119 


BB 


ADDA 






011A 


01 


01 






011B 


28 


28 






one 


BB 


ADDA 






011D 


01 


01 






011E 


29 


29 






011F 


3E 


WAI 


Stop. 


0120 


01 


01 


First number. 


0121 


02 


02 


Second number. 


0122 


03 


03 


Third number. 


0123 


04 


04 




0124 


05 


05 


• 


0125 


06 


06 


• 


0126 


07 


07 


• 


0127 


08 


08 




0128 


09 


09 




0129 


OA 


OA 


Tenth number. 



Figure 9-59 
Adding a list of numbers using extended addressing. 
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Procedure (Continued) 

13. Figure 9-60 shows a program for adding the same list of numbers. 
However it uses indexed addressing. Load this program into the 
Trainer and verify that you have loaded it correctly. 



14. Execute the program using the single-step mode. After each step, 
record the contents of the program counter, accumulator A, and the 
index register in Figure 9-61. 

15. Compare the programs of Figures 9-59 and 9-60. Which requires 
fewer instructions? 



16. Refer to the instruction set summary card. How many machine 
cycles are required to execute the program shown in Figure 9-59 
Compare this with the number of machine cycles re- 
quired for the program in Figure 9-60. 



Discussion 

This example illustrates that when a repetitive task is to be done, indexed 
addressing can save many bytes of memory. In many cases, indexed 
addressing requires more MRU cycles and therefore, a longer time to 
execute. Generally, time is of little importance compared to saving a 
substantial number of memory bytes. 



Let's look at some other ways that indexed addressing is used. 



HEX 


HEX 


MNEMONICS/ 


COMMENTS 


ADDRESSES 


CONTENTS 


CONTENTS 




0130 


4F 


CLRA 


Clear accumulator A 


0131 


CE 


LDX# 


Load the index register 
immediately 


0132 


01 


01 


with the address of 


0133 


20 


20 


the first number in the list. 


0134 


AB 




r-*- ADDA, X 


Add to accumulator A indexed 


0135 


00 




00 


with 00 offset. 


0136 


08 




INX 


Increment index register. 


0137 


8C 




CPX# 


Compare the index register 
immediately 


0138 


01 




01 


with one greater than the address 


0139 


2A 




2A 


of the last number in the list. 


013A 


26 1 




BNE 


If there is no match 


013B 


F8 




tro 


branch back to here. 




013C 


3E 


vvai ; 


Otherwise, halt. 



Figure 9-60 
Adding the list of numbers using indexed addressing. 
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STEP 


CONTENTS AFTER EACH STEP 


MTTMHFH 


PC 


ACCA 


INDEX 


1 

2 
3 








4 
5 
6 








7 
8 
9 








10 
11 
12 








13 
14 
15 








16 
17 
18 








19 
20 

21 








22 
23 
24 








25 
26 
27 








28 
29 
30 








31 
32 
33 








34 
35 
36 








37 
38 
39 








40 
41 
42 
43 









Figure 9-61 
Record values here. 
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Procedure (Continued) 



17. Write a program that will clear memory locations 0120 16 through 
01A0 16 . It should use indexed addressing. The program should 
reside in the lower RAM addresses. 

18. When you are sure your program is correct, load it into the ET-3400 
Trainer. Verify that you loaded it correctly; then execute it using 
the DO command. 

19. Examine memory locations 0120 16 through 01 A0 16 . Each should be 
cleared. Examine locations below 0120 16 and above 01A0 16 . These 
locations should not be cleared. 

20. Debug your program if necessary and repeat steps 18 and 19 until 
the desired results are obtained. 



Discussion 

Our solution to the problem is shown in Figure 9-62. Your solution may 
be similar or quite different. If it achieves the proper result and requires 
about the same number of bytes, then it is perfectly acceptable. 



HEX 


HEX 


MNEMONICS/ 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS 




0000 


CE 


LDX# 


Load index register immediately 








with 


0001 


01 


01 


the address of the 


0002 


20 


20 


first location to be cleared. 


0003 


6F 




— ^CLR, X 


Clear the location whose 


0004 


00 




00 


address is indicated by the index 










register. 


0005 


08 




INX 


Increment the index register. 


0006 


8C 




CPX# 


Compare the number in the index 


0007 


01 




01 


register with one greater than 


0008 


Al 




Al 


the address of the last location to be 










cleared. 


0009 


26 




BNE 


If there is no match 


000A 


F8 




1 F8 


branch back to here. 


000B 


3E 


WAI 


Otherwise, stop. 



Figure 9-62 
Program for clearing addresses 0120 lfi through 01A0 
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We still have not demonstrated the full power of indexed addressing 
because we have not yet used the offset capability. Let's look at how the 
offset capability can be used. Figure 9-63 shows three tables. The first two 
tables contain signed numbers, the third is initially cleared. The entries 
in the first two tables are to be added and the resulting sums are to be 
placed in the third table. That is, the first entry in table 1 is to be added to 
the first entry in table 2. The resulting sum is to be stored as the first entry 
of table 3. The second entry in table 1 is to be added to the second entry in 
table 2, forming the second entry in table 3; etc. 

Procedure (Continued) 

21. Enter the data shown in Figure 9-63 into the indicated addresses. 

22. Write a program that will solve the problem described above. 

23. Enter the program into the Trainer and execute it. 

24. Examine addresses 0150 16 through 015F 16 to verify that the pro- 
gram performed properly. 

25. If necessary, debug your program and try again. 



TAI 


ILE 1 


TABLE 2 


TABLE 3 


ADDRESS 


CONTENTS 


ADDRESS 


CONTENTS 


ADDRESS 


CONTENTS 


0100 


06 


0110 


FA 


0150 


00 


0101 


OF 


0111 


01 


0151 


00 


0102 


06 


0112 


1A 


0152 


00 


0103 


20 ! 


0113 


10 


0153 


00 


0104 


2F 


0114 


11 


0154 


00 


0105 


00 


0115 


50 


0155 


00 


0106 


2F 


0116 


31 


0156 


00 


0107 


61 


0117 


OF 


0157 


00 


0108 


3E 


0118 


42 


0158 


00 


0109 


4F 


0119 


41 


0159 


00 


010A 


91 


011A 


OF 


01 5A \ 


00 


010B 


9F 


011B 


11 


015B 


00 


010C 


CO 


one 


00 


01 5C 


00 


010D 


84 


01 ID 


4C 


015D 


00 


010E 


70 


011E 


70 


015E 


00 


010F 


El 


011F 


OF 


015F 


00 



Figure 9-63 
Three tables. 
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Discussion 

The solution to the problem is shown in Figure 9-64. 



HEX 


HEX 


MNEMONICS/ 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS 




0000 


CE j 


LDX# 


Load index register with address 


0001 


01 


01 


of first entry 


0002 


00 


00 


in Table 1. 


0003 


A6 




p^LDAA, X 


Load entry from Table 1 into 


0004 


00 




00 


accumulator A. 


0005 


AB 




ADDA, X 


Add the corresponding entry from 


0006 


10 




10 


Table 2. 


0007 


A7 




STAA, X 


Store the result in the 


0008 


50 




50 


corresponding location in Table 3 


0009 


08 




INX 


Increment the index register. 


000A 


8C 




CPX# 


Compare the number in the index 


000B 


01 




01 


register with one greater 


OOOC 


10 




10 


than the address of the last entry in 
Table 1. 


000D 


26 




BNE 


If there is no match, 


000E 


F4 




1 F4 


branch to here. 


000F 


3£ 


WAI 


Otherwise, stop. 



Figure 9-64 
Program for adding two tables. 
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Experiment 8 
ARITHMETIC OPERATIONS 

OBJECTIVES: 

To gain practice using the instruction set and registers of the 
6800 MPU. 

To demonstrate a fast method of performing multiplication. 

To demonstrate multiple-precision arithmetic. 

To demonstrate an algorithm for finding the square root of a 
number. 

To gain experience writing programs. 

Introduction 

In Unit 5, you were exposed to the full architecture and instruction set of 
the 6800 microprocessor. In this experiment, you will use some of the 
new-found capabilities of the microprocessor to solve some simple prob- 
lems. 

Mathematical operations make excellent programming examples and at 
the same time illustrate useful procedures. For these reasons, the prog- 
rams developed in this experiment are concerned with arithmetic opera- 
tions. 

In an earlier unit, you learned that a computer can multiply by repeated 
addition. However, this is a very slow method of multiplication when 
large numbers are used. 

A much faster method of multiplying involves a shifting-and-adding 
process. To illustrate the procedure, consider the long hand method of 
multiplying two 4-bit binary numbers. The procedure looks like this. 

1101 2 <— Multiplicand 
1011 2 <- Multiplier 
1101 
1101 
0000 



10001111 2 <- Product 




13 io 

11 10 
13 
13 

143 10 
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The decimal equivalents are shown for comparison purposes. The pro- 
duct is formed by shifting and adding the multiplicand. Put in computer 
terms, the procedure goes like this: 

1. Clear the product. 

2. Examine the multiplier. If it is 0, stop. Otherwise, go to 3. 

3. Examine the LSB of the multiplier. If it is 1, add the multip- 
licand to the product then go to 4. If it is a 0, go to 4 without 
adding. 

4. Shift the multiplicand to the left. 

5. Shift the multiplier to the right so that the next bit becomes the 
LSB. 



6. Go to 2. 



Procedure 

1. Write a program of any length that will perform multiplication in 
the manner indicated. Here are some guidelines: 

A. You may use any of the instructions discussed up to this point. 

B. To keep the program simple, only unsigned 4-bit binary num- 
bers are to be used for the multiplier and the multiplicand. 

C. The final product should be in Accumulator A when the mul- 
tiplication is finished. 

D. The multiplier may be destroyed during the multiplication 
process. 

E. Assume that the multiplier and multiplicand are initially in 
memory. That is, you should load them into memory along 
with the program. 
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2. Try to write the program before you read further. If after 30 minutes, 
you feel you are not making progress, go on to step 3. 



3. If you feel you need help, read over the following hints and then 
write the program. 

A. The product should be formed in accumulator A. 

B. The first step is to clear the product. 

C. The multiplicand is shifted and added to Accumulator A. 
Accumulator B is a good place to hold the multiplicand during 
this process. 

D. The multiplier can be tested for zero while still in memory by 
using the TST instruction followed by the BEQ instruction. 

E. A good way to test the LSB of the multiplier is to shift the 
multiplier one bit to the right into the carry flag and then test 
the carry flag with a BCC instruction. 

4. Once your program is written, load it into the Trainer and run it. 
Verify that it works for several different values of multipliers and 
multiplicands. Debug your program as necessary. 



9-112 



UNIT NINE 



HEATHKIT 

CONTINUING 
EDUCATION 



Discussion 

The real test of your program is "Does it work?" If it works, then you have 
successfully completed this part of the experiment. One solution to the 
problem is shown in Figure 9-65. Compare your program with this one. If 
you could not write a successful program, study this program carefully to 
see how it handles each phase of the operation. 

Obviously, this simple program has some serious drawbacks. The chief 
one is that the product cannot exceed eight bits. Fortunately, the basic 
procedure can be expanded so that much larger numbers can be handled. 
The solution is to use two bytes for the product. This will allow products 
up to 65,535 10 . In this example, the multiplier will be restricted to eight 
bits. However, the multiplicand can have up to 16 bits (two bytes) as long 
as the product does not exceed 65,535 10 . In an earlier unit, you learned 
that multiple-precision numbers can be added by a 2-step operation. The 
least significant (LS) byte of one number is added to the LS byte of the 
other. Then, the MS byte is added with carry to the MS byte of the other. 
Keep this in mind as you write your program. 



HEX 


HEX 


MNEMONICS/ 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS 




0010 


4F 


CLRA 


Set the product to 0. 


0011 


D6 


LDAB 


Load accumulator B with the 


0012 


22 


22 


multiplicand. 


0013 


7D 




1 TST 


Test 


0014 


00 




00 


the 


0015 


23 




23 


multiplier. 


0016 


27 




BEQ 


If it is 0, branch to the 


0017 


09 




09 


wait instruction. 


0018 


74 




LSR 


Shift the LSB of the 


0019 


00 




00 


multiplier to the 


001A 


23 




23 


right into the carry flag. 


001B 


24 




BCC | 


If the carry flag is cleared 


001C 


01 




01 


skip the next instruction. 


001D 


IB 




ABA 


Add the multiplicand to the 
product. 


001E 


58 




ASLB 


Shift the multiplicand to the left. 


001F 


20 




BRA 


Branch back and go through again. 


0020 


F2 




F2 


0021 


3E 


WAI 


Wait. 


0022 


05 


Multiplicand 




0023 


03 J 


Multiplier 





Figure 9-65 
Multiplying by shifting and adding. 
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The procedure for shifting a multiple-precision value will also come in 
handy. To shift a 2-byte number to the left, a 2-step procedure like that 
shown in Figure 9-66 can be used. First, the LS byte is shifted one place to 
the left into the carry bit by using the ASL instruction. Next the MS byte is 
rotated to the left. The result is that the 16-bit number has been shifted 
one bit to the left. 

Procedure (Continued) 

5. Write a program that will multiply a double-precision multi- 
plicand times an 8-bit multiplier. Assume that the double- 
precision product is to be stored in memory locations 0000 16 and 
0001 16 . The double-precision multiplicand is initially in addresses 
0002 16 and 0003 16 . The 8-bit multiplier is in address 0004 16 . 

6 . Once again, you should try to write this program. If after 30 minutes 
or so you are not making progress, read the hints given in step 7. 



A ioioiiiiioioiiTTI loioiiiiioioiiTTl 

MS BYTE LS BYTE 

V y ' 

16-BIT MULTIPLE-PRECISION NUMBER 



B tolol 1 1 1 lolol i hi foT loti h lololTTTTol 

C 

STEP 1: SHIFT THE LS BYTE TO 
THE LEFT INTO THE 
CARRY BIT (ASL) 



c C 



BDDQQDDQIQ 



lonnioioiiiiTol 



STEP 2: ROTATE THE MS BYTE. 

ROL 



D fol I0I1I1I0I0I1I1I0I joiiiiioiounfol 

c 



THE RESULT 



Figure 9-66 
Shifting a multiple-precision number. 
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7. Read over the following hints (if necessary) and try again. 

A. Initially clear both bytes of the product. 

B. Test the multiplier for zero exactly as you did in the previous 
program. 

C. Test the LSB of the multiplier as you did in the previous 
program. 

D. When adding the multiplicand to the product, use the 
multiple-precision add technique. 

E. When shifting the multiplicand to the left, use the technique 
shown in Figure 9-66. 

8. Once your program is written, load it into the Trainer and verify 
that it works properly. Debug the program as necessary. 

Discussion 

There are dozens of ways in which this program could be written. If your 
program produces proper results, then you have been successful. One 
solution to the problem is shown in Figure 9-67. Compare your program 
with this one. If you were unsuccessful in writing a program, study 
Figure 9-67 very carefully until you understand the procedures involved. 

Another problem that makes a good programming exercise is finding the 
square root of a number. Writing the program is not too difficult once you 
develop the proper algorithm. While there are many different ways to 
find the square root of a number, the easiest method from the program- 
mer's point of view involves the subtraction of successive odd integers. 

This method works because of the relationship between perfect squares. 
The first several perfect squares are 0 2 = 0 , l 2 = 1 , 2 2 = 4 , 3 2 = 9, 4 2 = 1 6 , 5 2 
= 25, etc. Notice: 

The relationship between the numbers 0, 1,4, 9, 16, 25, etc. 

The difference between 0 and 1 is 1, the first odd integer. 

The difference between 1 and 4 is 3, the second odd integer. 



The difference between 4 and 9 is 5, the third odd integer; etc. 
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HEX 


HEX 


MNEMONICS* / 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS 




0000 






Product fLS hvte) 


0001 






Produrt fMS hvtpl 


0002 






Mnltinlirand fT S hvtpl 
iviui uuiiL>auu | bo uy lcjj 


0003 






IViUllipilL-allU JlviO uy ICj | 


0004 






\/f iiltinlipr 

iVi Ul 11 unci 


* 


* 


* 


Tn<itmrti nn? Qtart at aHHrpQQ nmn 

iiiou ubtiuin eMail ai auuicso UU 1U 


0010 


7F 


CLR 


C\(*aT thp nrndimt 


0011 


00 


00 




0012 


00 


00 




0013 


7F 


CLR 




0014 


00 


00 




0015 


01 


01 




0016 


7D 


TST 


Test the multiplier. 


0017 


00 


00 




0018 


04 


04 




0019 


27 


BEQ 


If the multiplier is 0, branch to 


001A 


19 


19 


the WAI instruction 


001 B 


74 


LSR 


Otherwise, shift the right most 


001C 


00 


00 


bit of the multiplier into 


001D 


04 


04 


the C flag. 


001E 


24 


BCC 


If the C flag is 0 branch to 


001F 


OC 


0C 


here. 


0020 


96 


LDAA 


Otherwise, load the LS byte of 


0021 


00 


00 


the product into accumulator A. 


0022 


9B 


ADDA 


Then add the LS byte of the 


0023 


02 


02 


multiplicand. 


0024 


D6 


LDAB 


Load the MS byte of the product 


0025 


01 


01 


into accumulator B. 


0026 


i-J CJ 


ADCB 


Add (with rarrvl tho \/f Q Wtrto nf tho 
i\uu \ wiui uaiiyj me ivio uyie ui nic 


0027 


03 


03 


multiplicand. 


0028 


97 


STAA 


Stnrp t hp rnntontc r\X arrn m ill atnr A 
•JIU1C lilt? UUlllclild Ul aUUullluld lUl A 


0029 


nn 


00 


as me l»o uyie oi me proauci. 


002A 


D7 


STAB 


Storfi thp rnntpnts nf arrnmiilatnr R 


002B 


01 


01 


A c thp \A Q rufto nf tno riFrirl 1 1 r>t 
as L11C IViO uyic ui iiie pruuuLi. 


002C 


78 


ASL 


Shift the LS byte of the 


nn2D 


UU 


nn 
uu 


multiplicand to the left. 


002E 


02 


02 


002 F i 


79 


ROL 


Rotate the MS byte of the 


0030 \ 


00 


00 


multiplicand to the left. 


0031 i 


03 


03 




0032 


20 


BRA 


Repeat the process. 


0033 


E2 


E2 




0034 


3E 


WAI 


Stop. j 



Figure 9-67 



Program for multiplying a double-precision multiplicand by an 8-bit multiplier. 
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This relationship gives us a simple method of finding the exact square 
root of perfect squares and of approximating the square root of non- 
perfect squares. 

The procedure for finding the square root of a number looks like this: 

1. Subtract successive odd integers (1, 3, 5, 7, 9, etc.] from the 
number until the number is reduced to 0 or a negative value. 

2. Count the number of subtractions required. The count is the 
exact square root of the number if the number was a perfect 
square. The count is the approximate square root if the number 
was not a perfect square. 



For example, 


let's find the square root of 49 10 . 


49 


Original Number. 


-1 


Subtract the first odd integer. 


48 




-3 


Subtract the second odd integer. 


45 




-5 


Subtract the third odd integer. 


40 




-7 


Subtract the fourth odd integer. 


33 




-9 


Subtract the fifth odd integer. 


24 




-11 


Subtract the sixth odd integer. 


13 




-13 


Subtract the seventh odd integer. 


0 


Stop subtracting because the original 




number has been reduced to 0. 



We simply count the number of subtractions required. 
Since 7 subtractions were required, the square root of 49 is 7. 
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Procedure (Continued) 

9. With pencil and paper, use the above algorithm to find the square 

root of 81 10 . Does the answer give the exact square? Was 

the result of the final subtraction 0? 

10. With pencil and paper, use the above algorithm to find the square 
root of 119 10 . How many subtractions are required to reduce the 
number to a negative value. Does this count approximate the square 
root of 119 10 ? 

11. Write a program that uses the above algorithm to find or approxi- 
mate the square root of any unsigned 8-bit number. 

12. Load your program into the Trainer and run it. Verify that it works 
for several different values. 

Discussion 

Our solution to the problem is shown in Figure 9-68. The number is 
loaded into accumulator A, where it will be gradually reduced to a 
negative value. The odd integer is maintained in accumulator B. Each 
new odd integer is formed by incrementing twice. The SB A instruction is 
used to subtract the odd integer from the number. The BCS instruction is 



HEX 


HEX 


MNEMONICS/ 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS 




0000 


96 


LDAA 


Load the number that is at 


0001 


OF 


OF 


this address into accumulator A. 


0002 


C6 


LDAB# 


Load accumulator B with the 


0003 


01 


01 


first odd integer. 


0004 


10 


SBA 


Subtract the odd integer from the 








number. 


0005 


25 


BCS ; 


If the carry is set, branch 


0006 


04 


04 


to here. 


0007 


5C 


INCB 


Otherwise, form the next higher 








odd 


0008 


5C 


INCB 


integer by incrementing B twice. 


0009 


20 


BRA 


Branch back 


000A 


F9 


F9 


to here. 


000B 


54 


LSRB 


Shift the odd integer to the right. 


OOOC 


D7 


STAB 


Store the answer at 


000D 


10 


10 


this address. 


000E 


3E 


WAI 


Wait. 


000F 




Number 


Number to be operated upon. 


0010 




Answer 


Final answer appears here. 



Figure 9-68 
Square root subroutine 
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used to determine when the number goes negative (a borrow occurs at 
that point). You could have used the BMI instruction but this would limit 
the original number to a value below + 128 10 . A few bytes are saved by not 
maintaining a separate count of the number of subtractions. Instead, the 
final odd integer value is converted to the count. This is possible because 
of the relationship between the odd integer value and the number of 
subtractions. As the program is written, the final odd integer is always 
one more than twice the number of subtractions. By shifting the final odd 
integer to the right, the correct count is created. 

Of course, any square root program that is limited to numbers below 256 10 
is of limited use. However, this same technique can be applied to 
multiple-precision numbers. Figure 9-69 shows a program that can find 
or approximate the square root of numbers up to 16,385 10 . Before you 
study this program, try to write your own program to do this. 



HEX 


HEX 


MNEMONICS/ 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS 




0000 


96 




LDAA 


Load accumulator A with the 


0001 


1A 




1A 


LS byte of the number. 


0002 


D6 




LDAB 


Load accumulator B with the 


0003 


19 




19 


MS byte of the number. 


0004 


7F 




CLR 


Clear 


0005 


00 




00 


the odd 


0006 


IB 




IB 


integer. 


0007 


7C 




— ► INC 


Increment. 






0008 


00 






00 


the odd 


0009 


IB 






IB 


integer. 


000A 


90 






SUBA 


Subtract the odd 


000B 


IB 






IB 


integer from the LS byte of the 
number. 


oooc 


C2 






SBCB# 


Take care of any borrow 


000D 


00 






00 


from the MS byte of the number. 


000E 


25 






BCS 


If the carry is set, branch 


000F 


05 






| 05 


to here. 


0010 


7C 






INC 


Otherwise, form the next 


0011 


00 






00 


higher odd integer by 


0012 


IB 






IB 


incrementing 


0013 
0014 


20 
F2 






BRA 


and branching 
to here. 




F2 


0015 


74 






Convert the odd integer to 


0016 


00 




00 


the answer by shifting 


0017 


IB 




IB 


right. 


0018 


3E 




VVAI 


Stop. 


0019 




Number (MS) 


Number to be 


001A 




Number (LS) 


operated upon. 


001B 






Odd integer 


Form the odd integer and the 
answer here. 



Figure 9-69 

Routine for finding the square root of a double precision number. 
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Experiment 9 



STACK OPERATIONS 



OBJECTIVES: 



To demonstrate the stack operations that occur automatically. 



To demonstrate ways that the programmer can use the stack. 



To demonstrate the break-point capability of the Trainer. 

Introduction 

As you learned in Unit 6, the stack is used by the MPU to perform some 
automatic functions. When an interrupt occurs or a WAI is encountered, 
the MPU pushes the contents of the program counter, index register, 
accumulators, and condition codes on to the stack. We can easily verify 
this. 
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Procedure 

1. Figure 9-70 shows a program for setting the MPU registers to a 
known state. Examine the program and determine the hex contents 
of the following registers immediately after the WAI is executed. 

Condition Code Register 

Accumulator B 

Accumulator A 

Index Register 

Program Counter 



2. Load the program into the Trainer and verify that you loaded it 
properly. 



3. Execute the program using the DO command. 



HEX 


HEX 


MNEMONICS/ 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS 




0000 


8E 


LDS# 


Load 0020 into 


0001 


00 


00 


the stack pointer 


0002 


20 


20 




0003 


CE 


LDX# 


Load EEDD into the index register. 


0004 


EE 


EE 




0005 


DD 


DD 




0006 


C6 


LDAB# 


Load BB into ACCB. 


0007 


BB 


BB 




0008 


86 


LD AA # 


Load AA into ACCA. 


0009 


AA 


AA 




000A 


36 


PSHA 


Push AA onto the stack. 


000B 


86 


LDAA# 


Load CC into ACCA. 


oooc 


CC 


CC 




0OOD 


06 


TAP 


Transfer CC into the condition s 
codes. 


000E 


32 


PULA 


Pull AA from the stack. \ 


000F 


3E 


WAI 


Wait. 


0010 









Figure 9-70 

This routine sets the contents of all MPU registers to known values. 
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4. Examine the following memory locations and record their hex 
contents. 

Address Contents Register 

001A 

001B 

001C 

001D 

001E 

001F 

0020 



5. Identify the register from which these numbers came. 

6. Try to examine the contents of ACCA, ACCB, PC, SP, and INDEX 
register. Do their contents agree with the number loaded there? 



Discussion 

When the WAI instruction is executed, the contents of the MPU registers 
are pushed onto the stack. Since the stack pointer is initially at 0020, the 
contents of the registers are stored as follows. 



Address 


Contents 


Where it came from 


001A 


CC 


Condition Codes 


001B 


BB 


Accumulator B 


001C 


AA 


Accumulator A 


001D 


EE 


Index Register (high byte) 


00 IE 


DD 


Index Register (low byte) 


001F 


00 


Program Counter (high byte) 


0020 


10 


Program Counter (low byte) 
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When you tried to examine the contents of ACCA, ACCB, SP, etc., you 
found that their contents did not agree with what was loaded. The reason 
for this apparent error is that the Trainer does not actually examine the 
contents of these registers. Instead, it examines what is placed in the stack 
by the WAI instruction. However, when the Trainer is reset, the monitor 
program assumes that the stack starts at address OODl . Since our program 
moved the location of the stack, we can not use the ACCA, ACCB, PC, SP, 
CC, or INDEX commands after changing the stack pointer and then 
resetting the Trainer. 

This demonstrates how the MPU uses the stack. A similar operation 
occurs for the SWI instruction or when a hardware interrupt occurs. Of 
course, the programmer can also use the stack. 

Procedure (Continued) 

7. Figure 9-71 shows a program that will clear memory locations 0001 
through 00 IF. It then transfers a list of numbers to these addresses. 
The numbers come from addresses 0151 through 016F. 



HEX 


HEX 


MNEMONICS/ 


COMMENTS 


ADDRESS 


CONTENTS 


ADDRESS 




0020 


CE 


LDX# 


Load the index register 


0021 


00 


00 


with highest 


0022 


IF 


IF 


address to be cleared. 


0023 


6F 




P^CLR, X 


Clear it 


0024 


00 




00 




0025 


09 




DEX 


Decrement index register to next 
lower address. 


0026 


26 




BNE ; 


Finished? If not, go back and 


0027 


FB 




1 FB 


clear the indicated address. 


0028 


08 


INX 


Set index register to first entry in 
new list. 


0029 


8E 


LDS# 


Set the stack pointer to one less than 


002A 


01 


01 


the first entry in the old list. 


002B 


50 


50 




002C 


32 




|-*- PULA 


Pull the entry from the old list. 


002D 


A7 




STAA, X 


Store it in the new list. 


002E 


00 




00 




002F 


08 




INX 


Increment index register to next 
entry in list. 


0030 


8C 




CPX# 


Finished? 


0031 


00 




00 




0032 


20 




20 




0033 


26 




BNE 


If not, go back and pull next entry. 


0034 


F7 




1 F7 




0035 


3E 


WAI 


Otherwise, wait. 



Figure 9-71 

Program for demonstrating stack operations and breakpoints. 
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8. Load this program into the Trainer and verify that you loaded it 
properly. 

9. At address 0151 through 016F, load the numbers 01 through lFie, 
respectively. 

10. Execute the program using the DO command. 

11. Examine addresses 0001 through 001F. They should contain the 
numbers 01 through IF, respectively. 



Discussion 

This illustrates how the stack can be used in conjunction with indexing to 
move a list of numbers. 

When this program is executed using the DO command, everything 
happens so fast that it is impossible to see intermediate results. Of course, 
you could use the single-step mode and examine the result produced by 
every single instruction. But in many programs, this is a long, tedious 
process. Therefore, the Trainer provides another way to examine prog- 
rams. It allows us to set four different breakpoints in our program. The 
Trainer will execute instructions at its normal speed until it reaches one 
of these breakpoints. At that point, the Trainer will stop with the address 
and op code of the next instruction displayed. While the Trainer is 
stopped, you can examine and change the contents of any register or 
memory location. When you are ready to resume, you depress the return 
(RTI) key and the Trainer executes instructions at its normal speed until 
the next breakpoint or a WAI instruction is encountered. 
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Procedure (Continued) 

12. Verify that the program is still in memory. 

13. Depress the RESET key. Do not depress RESET again as you per- 
form the following steps. To do so, will erase any breakpoints that 
you set. 

14. Refer to the program listing in Figure 9-71. Let's assume we wish to 
stop and examine memory and the MPU registers just before the 
BNE instruction at address 0026 is executed. 

1 5. Depress the BR key. The display should be Br. The Trainer is 

now ready to accept the first breakpoint address. Enter the address 
at which the Trainer is to stop: 0026. The breakpoint is now en- 
tered. 

16. Without hitting RESET, depress the DO key. Enter the address of 
the first instruction in the program: 0020. 

17. Immediately, the display will show the address 0026 and op code 
26 at which the breakpoint occurred. 

18. Without hitting RESET, examine the contents of the index register. 
It should now read 001E. 

19. Depress the EXAM key and examine address 001F. It should now 
be cleared. 

20. Notice that you can examine the contents of any MPU register or 
memory location from this breakpoint mode. 

21. When you are ready for the program to resume, depress theRTI key 
once. Again, the display will read 002626 because the MPU is back 
at the same breakpoint on the second pass through the first loop. 

22. Examine the index register again. It should now read 001D. 
Examine location 001E and verify that it has been cleared. 
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23. 



The loop will be repeated 31 10 times. On the 32 nd pass, the program 
will escape the loop. 



24. Before you go further, set a second breakpoint at the INX instruc- 
tion. Do this by depressing the BR key and entering the address of 
the instruction (0028). 

25. Depress the RTI key again. Notice that the program is still stopping 
at the first breakpoint. It will continue to do so until it escapes the 
first loop. 

26. You have now pushed the RTI key three times. Repeatedly push the 
RTI key until the display changes to 0028 08. The RTI key should 
have been depressed a total of 32 10 times, counting the first three 
times. 



27. The program is now waiting at the second break point. 



28. To demonstrate a point, let's set two additional break points. 



29. Depress the BR key and enter address 0029. This sets the third break 
point at the LDS# instruction. 

30. Depress the BR key again and enter address 0033. This sets the 
fourth break point at the last BNE instruction. 

31. The Trainer will accept only four breakpoints. We have now 
reached this limit. Depress the BR key again in an attempt to enter a 
fifth breakpoint. Notice that the word "FULL!" appears on the 
display. 

32. Depress the RTI key so that the Trainer resumes program execution. 
It should stop at the third breakpoint. 

33. Depress the RTI key again. The program should stop at the fourth 
breakpoint. Notice that the program is again in a loop. On each pass 
through the loop, the program will stop at this fourth breakpoint. 

34. Analyze the operation of the program by examining the pertinent 
registers and memory locations on each pass through the loop. 
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Discussion 

The breakpoint capability of the Trainer can be a powerful aid in writing, 
analyzing and debugging a program. It allows us to stop at four distinct 
points in the program. Here are some tips to remember when using this 
capability: 

1. A maximum of four breakpoints can be used. 

2. These may be entered all at once or during a previous break- 
point pause. 

3. The RESET key erases all breakpoints. 

4. The contents of the address at which the breakpoint is set must 
be an op code. 
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Experiment 10 
SUBROUTINES 

OBJECTIVES: 

To demonstrate the use of subroutines. 

To demonstrate that the monitor program of the ET-3400 
Trainer contains some useful subroutines that can be called 
when needed. 

To gain experience writing programs. 

Introduction 

Most of the subroutines that you will develop and use in this experiment 
deal with lighting the displays on the Trainer. For this reason, we will 
begin by discussing how the displays are accessed. 

The ET-3400 Microprocessor Trainer has six hexadecimal displays. Each 
display contains eight light-emitting diodes (LEDs) arranged as shown in 
Figure 9-72. Each LED is given two addresses. The addresses for the 
left-most display are shown. To light a particular LED, we simply store an 
odd number at the proper address. An odd number is used because the 
LED responds to a 1 in bit 0 of the byte that is stored. To turn an LED off, 
we store an even number at the proper address. The following procedure 
will demonstrate this. 



C16E 
C166 



C169 
CI61 



C16A 
CI62 



C168 



C160 



C16B 
C163 



C16D 
C165 



C16C 
C164 

O C16F 
U C167 



Figure 9-72 

Addresses of the various segments in the left LED display. 
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Procedure 

1. Write a program that will halt after storing an odd number (such as 
01) at address C167 16 . 

2. Load the program into the Trainer and execute it using the DO 
command. The microprocessor should halt with the decimal point 
of the left-most display lit. 

3. Notice that the LED remains lit until it is deliberately turned off. 

Discussion 

To form characters, the LED's in the display must be turned on in combi- 
nation. For example, to form the letter "A", the segments at addresses 
C162, C161, C166, C165, C164, and C160 must be turned on. 

Procedure (Continued) 

4. Write a program that will halt after storing an odd number (such as 
01) at the six addresses listed above. 

5. Load the program into the Trainer and execute it using the DO 
command. The microprocessor should halt with the letter A in the 
left-most display. 

Discussion 

Your program probably took this form: 



While this approach works, the program would have to be rewritten for 
each new character. What is needed is a program that will form many 
characters. One approach is to store characters as 8-bit character bytes. 
Since there are eight LED's in each display, each bit of the character byte 
can be assigned to a different LED segment. Figure 9-73A shows how 



LDAA 
STAA 
STAA 
STAA 



# 



C162 
C161 
C166 



WAI 
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C166 




C161 


C160 


C165 


C162 




C164 




C163 


C 167 


«t,-| 1 1 II 1 1 1 


c c c 
1 1 1 

6 6 6 

7 6 5 


C C 
1 1 
6 6 
4 3 


c c c 

1 1 1 

6 6 6 

2 1 0 



B 



C166 

C 161 | ... Jci65 



-bit n 



C162 



7 



I jci64 



cccccccc 
11111111 

6 6 6 6 6 6 6 6 

7 6 5 4 3 2 1 0 



Figure 9-73 
Assigning the bits of the character byte. 

each bit in a character byte is assigned to each segment of the display. To 
light a corresponding LED, the proper bit in the character byte must be 1. 
For example, Figure 9-73B shows the character byte for the letter A. To 
form this letter, all display segments except C163 and C167 must be lit. 
Therefore, a 1 is placed in the character byte at all bits except the two that 
correspond to these addresses. 

The display responds only to bit 0 of the character byte. To make each 
segment bit appear in turn at bit 0, the character byte must be shifted to 
the right. After each shift, the contents of the character byte must be 
stored at the address whose corresponding bit is now at bit 0. The 
procedure is: 

1. Store the contents of the character byte at C160 16 . 

2. Shift the character byte to the right. 

3. Store it at C161 16 . 

4. Shift it to the right again. 

5. Store it at C162 16 . 
Etc. 
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A program that will do this is shown in Figure 9-74. 



Procedure (Continued) 

6. Load the program into the Trainer and verify that you loaded it 
correctly. 

7. Execute the program using the DO command. The left-most digit 
should display the letter A. 

8. The character byte is at address 0001. Change this byte to 47 16 . 

9. Execute the program again using the DO command. What letter 
appears in the display? 

10. Change the character byte so that the letter H is displayed. What 
character byte is required? 



HEX 


HEX 




MNEMONIC/ 


COMMENTS 


ADDRESS 


CONTENTS 




CONTENTS 




0000 


86 




LDAA# 


Load accumulator A immediate 
with the 


0001 


77 




77 


character byte. 


0002 


CE 




LDX# 


Load the index register immediate 
with 


0003 


Cl 




Cl 


the address. 


0004 


60 




60 


of the left display. 


0005 


A7 




r*-STAA, X 


Store the character byte at the 


0006 


00 




00 


address indicated by the index 
register. 


0007 


44 




LSRA 


Shift the character bit to the right. 


0008 


08 




INX 


Advance index register to the 
address of the next segment. 


0009 


8C 




CPX 


Compare index register with one 
greater 


000A 


Cl 




Cl 


than the address of the 


000B 


68 




68 


last segment. 


OOOC 


26 




BNE 


If no match occurs branch 


000D 
OOOE 


F7 
3E 




1 F7 


back to here. 
Otherwise, stop. 




VVAI 



Figure 9-74 
Program for lighting a display. 
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11. Change the character byte to 79 16 . Execute the program. What 
character is displayed? 

12. Refer to Figure 9-75. This figure shows the addresses of the LED's in 
each of the six displays. You have seen that the left display has an 
address of C16X 16 . The X stands for some number between 0 and F, 
depending on which segment of that display we wish to use. The 
next display to the right has an address of C15X 16 ; etc. 

13. Now return to the program shown in Figure 9-74. Addresses 0003 
and 0004 contain the address of the affected display. By changing 
this address, we can move the character to a different display. 
Actually since all display addresses start with Cl, we need only 
change the number at address 0004. 

14. Change the byte at 0004 to 50 16 . Change the byte at 000B 16 to 58. 
Execute the program using the DO command. The character should 
appear in the second display from the left. 

15. Change the byte at 0004 to 10 16 and the byte at 000B to 18 16 . Execute 
the program using the DO command. The character should appear 
in the right-most display. 

Discussion 

It has probably occurred to you that the monitor program must have a 
subroutine that performs this same function. Fortunately, this subroutine 
is written in such a way that we can use it. It is called OUTCH for OUTput 
CHaracter. It starts at address FE3 A 16 . We can call this subroutine anytime 
we like by using the JSR instruction. This subroutine assumes that the 
character byte is in accumulator A. 
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C16X C15X C14X C13X C12X C11X 

E.6 E,6 E.6 E.6 E.6 E. 6 



0 5 I' 1 Id 5 0 5 I" |0 5 I" |0 5 I' 1 |o 5 

I 8.0 I 8.0 1 8.0 I I 8. 0 | I 8.0 I 




Figure 9-75 
Addresses of the various display segments. 
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Procedure 

16. Load the program shown in Figure 9-76. Verify that you loaded it 
properly. 

17. Execute the program using the DO command. What message does 
the program write? 

18. Notice that each character is written in a different display. Thus, 
the subroutine OUTCH automatically changes the address to that of 
the next display after each character is written. 



HEX 


HEX 


MNEMONICS/ 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS 




0000 


86 


LDAA# 


Load accumulator A immediate 
with the 


0001 


37 


37 


character byte for the letter H. 


0002 


BD 


JSR 


Jump to subroutine 


0003 


FE 


FE 


OUTCH 


0004 


3A 


3A 




0005 


86 


LDAA# 


Load ACCA with 


0006 


4F 


4F 


next character byte. 


0007 


BD 


JSR 




0008 


FE 


FE 


Display it. 


0009 


3A 


3A 




000A 


86 


LDAA# 


Load next character. 


000B 


OE 


OE 




OOOC 


BD 


JSR 




000D 


FE 


FE 


Display it. 


000E 


3A 


3A 




000F 


86 


LDAA# 


Load next character. 


0010 


67 


67 




0011 


BD 


JSR 




012 


FE 


FE 


Display it. 


0013 


3A 


3A 




0014 


3E 


VVAI 


Stop. 



Figure 9-76 

This program uses the OUTCH subroutine in the monitor program to display a message. 
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Discussion 

The monitor program writes several messages of its own. Examples are: 
ACCA, ACCB, CPU UP, and FULL! Thus, the monitor has a subroutine 
that can be used to write messages. It is called OUTSTR for OUTput a 
STRing of characters. Its starting address is at FE52 16 . There is a special 
convention for calling this subroutine. The JSR FE52 16 instruction must 
be followed immediately by the character bytes that make up the mes- 
sage. Up to six characters can be displayed. The last character must have 
the decimal point lit. After the message is displayed, control is returned 
to the instruction immediately following the last character. 



Procedure (Continued) 



19. Load the program shown in Figure 9-77 into the Trainer and verify 
that you loaded it properly. 

20. Execute the program using the DO command. What message does it 
display? 

21. Modify the program so that it displays HELLO. 



HEX 


HEX 


MNEMONIC/ 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS 




0000 


BD 


JSR 


Jump to the subroutine that 


0001 


FE 


FE 


will display the following message. 


0002 


52 


52 




0003 


37 


37 


H 


0004 


4F 


4F 


E 


0005 


OE 


OE 


L 


0006 


E7 


E7 


P. Decimal point must be lit in 
last character. 


0007 


3E 


WAI 


Then stop. 



Figure 9-77 

The OUTSTR subroutine in the monitor is used to display a message. 
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HEX 


HEX 


MNEMONICS/ 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS 




0000 


BD 


JSR | 




0001 


FE 


FE 


Cai OUTSTR. 


0002 


52 


52 




0003 


76 


76 


N 


UUU*± 


r Ij 


FF 


O — Dprimal noint lit flast 








character). 


0005 


BD 


JSR 




0006 


FE 


FE 


Call OUTSTR again. 


0007 


52 


52 




0008 


5E 


5E 


G 


0009 


FE 


FE 


O. -« — Decimal point lit (last 








character). 


000A 


3E 


VVAI 


Then stop. 



Figure 9-78 
OUTSTR is called twice. 



22. The program shown in Figure 9-78 calls the OUTSTR subroutine 
twice. Load this program into the Trainer. 

23. Execute it using the DO command. What message is displayed? 



24. Notice that the second message (GO.) is written to the right of the 
first. Thus, subroutine OUTSTR does not reset the display to the 
left for the second message. 

25. Rewrite the program so that two blank displays appear between 
NO. and GO. 
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Discussion 

When displaying long messages such as: "HELLO CAN I HELP YOU?", 
the display must be given no more than six characters at a time. Also, a 
short delay must be placed between the various parts of the message. You 
can achieve a delay by loading the index register with FFFF and decre- 
menting it to 0000. You can achieve an additional delay by using either 
accumulator in conjunction with the index register. We can write a 
display subroutine and call it between each part of the message. 



Also, because we are using the same displays over again for each part of 
the message, each new word should start on the left. The subroutine 
called OUTSTR has an alternate entry point at address FD8C 16 called 
OUTSTJ. The calling convention for this subroutine is the same as that for 
OUTSTR. However, each new message starts in the left-most display. 

Procedure (Continued) 

26. Load the program shown in Figure 9-79. Verify that you loaded it 
properly. 

27. Execute the program using the DO command. What message is 
displayed? 

28. Change the number in address 003C 16 , 003E 16 , and 003F 16 . 

2 9. Execute the program using the DO command. What affect does this 
have? 

30. Write a program of your own that will display "LOAD 2 IS BAD." 
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HFY 


HEX 


MNEMONICS/ 


COMMENTS 


I\LJLJRL.J\J 


mMTFNTS 

LiWl ^ J. IjI ^ A O 


CONTENTS 




uuuu 


Rn 

D LJ 


JSR 


Call Delay Subroutine 


nnm 

UUU i 


00 


00 




nnn9 


9R 


3B 




nnm 
UUUo 


rh 


ISR 


Call OUTSTI 


f)f)04 
uuu*t 


FD 


FD 




nnn^ 

UUUO 


AC 


8C 




UUUD 


97 


37 


H 


nnn7 

UUU / 


F 


4F 


E 


UUUO 


OF 


0E 


L 


nnno. 

UUU if 


OF 


0E 


L 


nnn A 

UUUA 


FF 


FE 


0. 


nnnR 

UUUD 


RD 

LJ LJ 


JSR 


Call Delay Subroutine 


UUUL, 


nn 
uu 


nn 

uu 




nnnn 
uuuu 


9R 

O LJ 


3B 




nnnt? 


on 
DU 


ICR ! 


Call OUTSTI again 

v_ja 1 i KJ U 1 J 1 j ci^ollJ 


nnnF 
uuur 


FD 

L LJ 


FD 




nm n 

UU 1U 


AC 


8C 




nm 1 
UU 1 1 


4F 


4E 


c 


nm 9 

UU JL^ 


77 


77 


A 


nm 9 

UU 10 


7fi 

/ u 


76 


N 


nm <i 

UU It 


nn 


00 


blank 


UU 1 o 


Rn 

DU 


B0 


I. 


nm r 

UU ID 


Rn 

LiLJ 


JSR 


Call Delav Subroutine 


nm 7 

UU 1 / 


nn 
uu 


nn 

uu 




nm A 

UU JLO 


3B 


3B 




nni n 

uuiy 


Rn 


ICR 

J OA 


Call OIJTSTT again 


nm A 


FD 


FD 




nm R 

UU ID 




8C 




nm c 
UU 1L. 


97 


97 


H 


nm n 

UU 1JJ 


dF 


4F 


E 


nm F 

UU 1L 


nF 

ULj 


0E 


L 


uu l r 


R7 
u / 


67 


P i 


nnon 

uuzu 


An 
ou 


80 


• 


nno 1 

UUZ 1 


Rn 

DU 


ISR 

JOIN 


Call Oplav Subroutine 


nno o 
UUZZ 


nn 
uu 


nn 

uu 




nn9 9 


9R 

O D 


9R 

O LJ 




nno /i 
UUZ4 


Rn 
dU 


TSR 
JOIN 


Tall ST TTSTT aaain 

\_/0 11 OLJIOiJ aUd lil 


nno c 

uuzo 


Fn 

r u 


Fn 

r lj 




nn9R 
uuz o 


ftp 


AC 




nn9 7 
uuz / 


9R 


3B 


Y 


nn9R 


7F 

/ Lj 


7E 


o 


nnon 

uuzy 


9F 

J Lj 


3E 




nno A 

UUZ A 


nn 
uu 


nn 

uu 


bla nk. 


nn9 R 

UUZD 


An 
ou 


80 


• 


nn9P 


Rn 

LJ LJ 


JSR 


Call Dplav Subroutine 


nn9n 


00 


00 




nn9F 


9R 


3B 




002F 


BD 


JSR 


Call OUTSTJ again 


0030 


FD 


FD 




0031 


8C 


8C 




0032 


00 


00 


blank 


0033 


00 


00 


blank 


0034 


00 


00 


blank 


0035 


00 


00 


blank 


0036 


00 


00 


blank 


0037 


80 


80 


• 


0038 


7E 


JMP 


Do it all again 
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HEX 
ADDRESS 


HEX 
CONTENTS 


MNEMONICS/ 
CONTENTS 


COMMENTS 


0039 


00 


00 




003A 


00 


00 




003B 


86 


LDA A# 




003C 


02 


02 




003D 


CE 


LDX# 




003E 


00 


00 




003F 


00 


00 




0040 


09 


DEX 




0041 


26 


BNE 


Delay Subroutine 


0042 


FD 


FD 




0043 


4A 


DECA 




0044 


26 


BNE 




0045 


F7 


F7 




0046 


39 


RTS 





Figure 9-79 

This program makes extensive use of the subroutine call. 



Discussion 

The monitor program in the Trainer contains some other useful sub- 
routines. These are outlined in the manual for the ET-3400 Microproces- 
sor Trainer. Two of the most useful are REDIS and OUTBYT. 

OUTBYT is a subroutine that displays the contents of accumulator A as 
two hex digits. Its address is FE20 16 . When this subroutine is called for the 
first time, the two left displays are used. If it is called again without being 
reset, the two center displays are used. The third time, the two right 
displays are used. 



The display can be reset to the left by calling the REDIS subroutine. This 
subroutine is located in address FCBC 16 . If OUTBYT is called after REDIS 
is called, the two left displays will be used. 
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Procedure (Continued) 

31. Load the program shown in Figure 9-80. Verify that you loaded it 
properly. 



ucv 
rlr.A 


rlCiA 


MNEMONICS/ 


COMMENTS 


AULIKljo 




CONTENTS 




0000 


4F 


CLRA 


Clear accumulator A 


0001 


BD 




— ^ JSR 




0002 


FE 




FE 


Call OUTBYT 


0003 


20 




20 




0004 


BD 




JSR 




0005 


00 




00 


Call Delay Subroutine 


0006 


0E 




0E 




0007 


4C 




INCA 


Increment accumulator A 


0008 


BD 




JSR 




0009 


FC 




FC 


Call REDIS 


000A 


BC 




BC 




000B 


7E 




JMP 




oooc 


00 


00 


Do it again. 


000D 


01 


01 




000E 


CE 


LDX# 


> 




000F 


FF 


FF 






0010 


FF . 


FF 






0011 


09 


i— ^ DEX 




►Delay Subroutine. 


0012 


26 


BNE 






0013 


FD 


I FD 






0014 


39 


RTS 







Figure 9-80 
Using the OUTBYT and REDIS subroutines. 



32. Execute the program using the DO command. 

33. Which digits are used by the display? 

34. Notice that the JSR instruction at address 0008 calls the subroutine 
that resets the display to the left. 

35. To illustrate why this is necessary, let's see what happens when 
this important step is omitted. Change the contents of locations 
0008, 0009, and 000A to 01. This replaces the JSR instruction with 
three NOPs. 



HEATHKIT ^ 

UIKAnOM Programming Experiments | 9" 1 39 



36. Execute the program using the DO command. Notice that, without 
calling the REDIS subroutine, the display advances to the right and 
is lost after the third time though the loop. 

37. Restore the program to its original state. How can the count be 
speeded up? 



Discussion 

The speed of the count can be varied by changing the contents of address- 
es 000F and 0010. It probably has occurred to you that the trainer could be 
turned into a digital clock. In the following procedure, you will develop a 
program that will do this. 



Procedure 

38. Write a program that will count seconds from 00 to 99 10 . The 
seconds count should be maintained in the two left-most displays. 
It should count as the above program did, but in decimal instead of 
hexadecimal. 

39. If you have problems, remember that the DAA instruction can be 
used to convert the addition of BCD numbers to a BCD sum. How- 
ever, the DAA instruction works only if preceeded immediately by 
an ADDA or ADCA instruction. 

40. Load your program into the Trainer and execute it using the DO 
command. 
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Discussion 

One solution is shown in Figure 9-81. Carefully study this program. This 
routine counts the seconds in decimal. However in a real digital clock, 
the seconds reset to 00 after 59 10 rather than after 99 10 . 

There are two one-second delay sub-routines listed in the following 
experiments. You must use the one that matches the clock frequency of 
your ET-3400 Trainer. 

The original Trainer has a clock frequency of approximately 500 
kHz. If your Trainer has not been modified, you must use the "Slow 
Clock One-Second Delay Subroutine." 

If your Trainer has been modified for use with the Heathkit Memory 
I/O Accessory ETA-3400, it has a clock frequency of 1 MHz. In this 
case, you must use the "Fast Clock One-Second Delay Subroutine/' 



HEX 


HEX 


MNEMONICS/ 




ADDRESS 


CONTENTS 


CONTENTS 


COMMENTS 


0000 


4F 


CLRA 


Clear seconds. 


0001 


BD 


JSR 




0002 


FE 


FE 


Call OUTBYT 


0003 


20 


20 




0004 


BD 


JSR 




0005 


00 


00 


Call Delay subroutine 


0006 


10 


10 




0007 


8B 


ADDA# 


Increment seconds 


0008 


01 


01 




0009 


19 


DAA 


Make it decimal 


000A 


BD 


JSR 




000B 


FC 


FC j 


Call REDIS 


oooc 


BC 


BC 




000D 


7E 


JMP 




000E 


00 


00 


Do it all again. 


000F 


01 


01 




0010 


CE 


LDX# 






0011 


C5 


C5 




Slow Clock 


0012 


00 


00 




One-Second 


0013 


09 


DEX 




^Delay Subroutine 


0014 


26 


BNE 






0015 


FD 


FD 






0016 


39 


RTS 


; 
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HEX 


HEX 


MNEMONICS/ 
CONTENTS 


COMMENTS 




0010 


36 


rorlA 








UU 1 1 


OO 










r\r\ i o 


c\o 
uz 


02 








r\r\ 1 o 


CE 


LDX# 








UU L*t 


F3 


F3 








0015 


80 


80 




Fast Clock 




0016 


09 


DEX 




^One-Second 




0017 


26 


BNE 








0018 


FD 


FD 




Delay Subroutine 




0019 


4A 


DEGA 






001A 


26 


BNE 








001B 


F7 


F7 








001C 


32 


PULA 








001D 


39 


RTS 


j 







*Use either the Fast Clock or the Slow Clock One-Second Delay Subroutine. 



Figure 9-81 
This routine counts seconds from 00 to 99. 



Procedure (Continued) 

41. Modify your program (or the one in this Experiment) so that it 
displays seconds from 00 to 59 and then returns to 00 and starts 
over again. 

42. Load your program into the Trainer and execute it using the DO 
command. 

43. Debug your program if necessary until it performs properly. 



Discussion 

One solution is shown in Figure 9-82. The seconds count is compared to 
60 each time it is incremented. When it reaches 60, it is reset to 00. 

The next step is to add a minutes count. This can be done by incrementing 
a decimal number each time the seconds count "rolls over" from 59 to 00. 
The decimal number is then displayed as minutes. 
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HEX 


HEX 


MNEMONICS/ 


COMMENTS 


ADDRESS 


CONTENTS 


CONTENTS 




0000 


C6 




LDAB# 


Load number for comparison 


0001 


60 




60 




0002 


4F 




— CLRA 


Clear seconds. 


0003 


BD 






JSR 




nnn4 

UUUt 


FE 






FE 


Call OUTBYT 


0005 


20 






20 




UUuU 


BD 






JSR 




UUU / 


no. 






no 

uu 


Call Delay Subroutine 


0008 


14 






14 




0009 


BD 






JSR 




000A 


FC 






FC ' 


Call REDIS 


000B 


BC 










oooc 


8B 






ADD A# 


Increment seconds. 


000D 


01 






01 




nnr\T? 
UUUri 


1 Q 






DAA 


Make it decimal 


DODF 
\jKJ\jr 


11 






CBA 


Time to clear seconds 


UU 1 u 


27 






BEQ 


Yes. 


nm 1 

UU 1 1 


F0 : 






) — F0 




UU 1Z 


ZU 




BRA 


No. 


UU id 


ff 




L_ ef 




0014 


CE 




LDX# 






0015 






C5 




Slow Clock 


UU lb 


nn 
uu 




nn 
uu 


| 


One-Second 


0017 


no 
uy 




npY 

ULA 




^Delay Subroutine 


nn-i q 
UUlo 


zo 




RMF 

DIN Ci 




uu iy 


FF) 




Fn 






nm a 
UU LA 






I\lu 


/ 




0014 


36 










0015 


86 




LDAA# 






0016 


02 




02 






0017 


CE 




LDX# 






0018 


F3 




F3 






0019 


80 




80 




Fast Clock 


001A 


09 




DEX 




> One-Second 


UU 1 D 


ZD 




BNE 




Delay Subroutine 


001C 


FD 




FD 






001D 


4A 




DECA 






001E 


26 




BNE 






001F 


F7 




F7 






0020 


32 




PULA 






0021 


39 




RTS 


) 





*Use either the Fast Clock or the Slow Clock One-Second Delay Subroutine. 



Figure 9-82 
This routine counts seconds from 00 to 59. 
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Procedure (Continued) 

44. Write a program that will display minutes and seconds properly. 
The minutes should be displayed in the two left displays; the 
seconds in the two center displays. Like the seconds, the minutes 
should return to 00 after 59. 

45. Load your program and execute it. 

46. Debug your program as necessary. 

Discussion 

A solution is shown in Figure 9-83. Your approach may be more 
straightforward, but may require more memory. 

The final step is to include the hours display. 



Procedure (Continued) 

47. Modify your program so that it displays hours, minutes and sec- 
onds. 

48. Load your program and execute it. 

49. Debug your program as necessary. 



A solution is shown in Figure 9-84. This program evolved over a period of 
time and is extremely compact. It is virtually impossible for a beginning 
programmer to write a program this compact on the first try. Your pro- 
gram may require substantially more memory, but the important thing is: 
does it work? 

While you can "fine tune" the slow-clock period by changing the num- 
bers in addresses 0004 and 0005, the clock will never be very accurate 
because it is temperature sensitive. The fast clock period is much more 
accurate because the oscillator is crystal controlled. You can fine tune it 
by changing the numbers in addresses 003A and 003B. In a later experi- 
ment, you will rectify this problem and produce an extremely accurate 
clock. 
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rllLA 


OIL A 




COMMENTS 


AUUIVLjj 








0000 


00 


nn 
UU 


pQcarxfQn fnr cornilnC 
JAfcJbfcJIVcU. 1UI MJLUUUo 


0001 


00 


nn 
UU 


i\cSfcjrvfcju. lur iiiiiiin.cc> 


* 0002 


PF f3fil 




\ 


0003 


C5 fRDl 




1 Qlnw PlnrV frail Fa<;r PlnrV 


0004 


00 fool 


nn rnnl 
UU i UU j 


1 Ona C apn n H flnp.^prnnn 


0005 


no f?Fi 




□eiay. ueiayj 


0006 


26 f 32) 


DKyr fpf TT A ^ 




! 0007 


FD (01) 


r JJ ( iNUr I 




0008 


C6 


LUn d^p 


T r\on T»iimr»QT fnr rr\m nancnn 
l,OdU IlLLIllUoT 1UJ UUIUUa 1 1MJ11. 


0009 


60 


bU 




nnn A 
UUUA 


nn 
uu 


Q.FP ! 


Cot rarn/ nit 
ucl Udll ^ U1L. 


UUUD 


o u 


R^R 


Rrannh tn en Hrnntinp to 


nnnr 
UUUL. 


1 1 


1 1 
1 1 


inrrpmpnt cprnnn Q 

111H Clll Cil l iiOL.UllU.c>. 


uuuu 


ftD 
ou 


R^R 
Dj[\ 


RrannVi tn the* camp ?n nrniitinp 
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01 


01 
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002F 


f86) 


fIDAA#) 






0030 


(02) 


f02) 






0031 | 


fCE) 


fIDX#) 






0032 


fF3) 


fF3) 






0033 


f80) 


f80) 






0034 


f09) 


fDEX) 




Fast Clock 


0035 


f26) 


fBNE) 




One-Second \ 


0036 


fFD) 


fFD) 




Delay Subroutine 


0037 


f4A) 


fDECA) 






0038 


f26) 


fBNE) 






0039 


fF7) 


fF7) 






003A 


f39) 


fRTS) 







*Numbers in parenthesis are for Fast Clock One-Second Delay only. 



Figure 9-83 
Routine for displaying minutes and seconds. 
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MNEMONICS/ 


COMMENTS 




ADDRESS 


CONTENTS 


CONTENTS 






0000 


00 


00 


Reserved for seconds 




0001 


00 


00 


Reserved for minutes 




0002 


00 


00 


Reserved for hours 




* 0003 


CE (36) 


LDX# (PSHA) 






0004 


C5 fBD) 


C5 (JSR) 


Slow Clock (Call Fast Clock 




0005 


00 (00) 


00 (00) 


One-Second One-Seronri 




0006 ; 
0007 


09 (37) 
26 (32) 


DEX (37) 
BNE (PULA) 


Delay Delay) 




0008 


FD (01) 


FD (NOP) 






0009 


C6 


LDAB# 


Minutes and seconds will 




000A 


60 


60 


be compared with sixty. 




000B | 


OD 


SEC 


Prepare to increment seconds 




OOOC 


8D 


BSR 


Co to subroutine that will 




000D | 


11 


11 


increment seconds. 




000 E 


8D 


BSR 


Co to same subroutine. It will 
increment 




000F 


OF 


OF 


Minutes if necessary. 




0010 


C6 


LDAB# 


Hours will be compared 




0011 


12 


12 


with twelve. 




0012 


8D 


BSR 


Co to same subroutine. It will 
increment 




0013 


OB 


OB 


hours if necessary. 




0014 


BD 


jSR 






0015 


FC 


FC 


Call REDIS 




0016 


BC 


BC 






0017 \ 


8D 


BSR 


Call display subroutine to display 




0018 


17 


1 7 


hours. 




0019 


8D 


BSR 


Call display subroutine to display 




001 A 


15 


15 


minutes. 




001B 


8D 


BSR 


Call display subroutine to display 




001C 


13 


13 


seconds. 




001D 


20 


BRA 


Do it all again. 
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E4 


E4 






001F 


A 6 


I.DAA. X 


Load seconds for minutes or hours). 
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00 


00 






0021 


89 


ADCA# 


Increment if necessary. 




0022 


00 


00 






0023 


19 


DA A 


Adjust to decimal. 




0024 


1 1 


C5A 


Time to clear? 


£ 


0025 


25 


BCS 


No. 




0026 


01 


01 




j: 


0027 


4F 


CI.RA 


Yes. 




0028 


A7 


STAA. X 


Store seconds for minutes or hours). 




0029 


00 


00 






002A 


08 


INX 


Point index register at minutes (or 
hours). 


3 

Urn 


002B 


07 


TP A 






002C 


88 


EORA# 


Complement carry bit 




002 D 


01 


01 






002 E 


06 


TAP 






002F 


39 


RTS 






0030 


09 


DEX 


Point index register at hours 1 
(or minntp^ nr sprnhdsl 




0031 


A 6 


LDAA, X 


Load hours for minutes or seconds) 




0032 


00 


00 






0033 


7E 


JSR 


Display hours for minutes or 
seconds) 


ay Su 


0034 


FE 


FE 




■j: 


0035 


20 


20 






0036 


39 


RTS 
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0037 


f86) 


fLDAA#) 


> 




0038 


f02) 


f02) 






0039 


fCE) 


fLDX#) 






003A 


fF3) 


fF3) 






003B 


f80) 


f80) 




Fast Clock 


003C 


f09) 


fDEX) 




One-Second 


003D 


f26) 


fBNE) 




Delay Subroutine 


003 E 


fFD) 


fFD) 






003F 


f4A) 


(DECA) ! 






0040 


(26) 


fBNE) 






0041 


(F7) 


fF7) 






0042 


f39) 


fRTS) 


/ 





•Numbers in parentheses are for Fast Clock One-Second Delay only. 



Figure 9-84 
Twelve-hour clock program 
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Unit 10 



INTERFACING EXPERIMENTS 



INTRODUCTION 

This Unit contains nine interfacing experiments that are to be assembled 
and run on the Microprocessor Trainer. Most of the circuit parts for these 
experiments are supplied with this course. The remaining parts were part 
of the Trainer Kit. 

You will be instructed to perform these experiments at the end of Units 7 
and 8. Do not confuse them with the programming experiments in Unit 9. 
When you complete an experiment, you will be directed to the next 
experiment, or back to the Unit Activity Guide of the unit that directed 
you to the experiment. 

If your Trainer is Model Number ET-3400, and has been modified for use 
with the Heathkit Memory I/O Accessory, Model ETA-3400, disconnect 
the 40-pin plug that connects the Trainer to the Memory I/O Accessory. 
Then reinstall the 2112 RAM ICs at IC-14 through IC-17 before starting 
the experiments in this unit. 

If your Trainer is model number ET-3400 A, and has been modified for use 
with the Heathkit Memory I/O Accessory, disconnect the 40-pin plug that 
connects the Trainer to the Memory I/O Accessory. Then reinstall the 
2114 RAM ICs at IC14 and IC15 before starting the experiments in this 
unit. 
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Experiment 1 
MEMORY CIRCUITS 



OBJECTIVES: 

Show how memory circuits can be connected to a microprocessor. 



Demonstrate timing requirements when using memory circuits. 



Show how data is stored and read from memory circuits. 



Demonstrate an elementary memory test to ensure proper, reliable 
operation. 



Introduction 

In this experiment, you will construct a memory on the large connector 
block of the Microprocessor Trainer and interface the circuit with the 
Trainer circuits. 



The initial sections of the experiment will examine memory and its 
characteristics. The remaining experiment section will interface the 
memory with the microprocessor and its support circuits. This program 
and all remaining hardware experiment programs will use a computer 
print-out listing. A detailed explanation of how to read the listing will be 
given later in the experiment. 



TRAINER POWER REVIEW 

With the Trainer plugged in and the Power switch off, the display LED's 
and the +5, + 12, and -12 volt connector blocks are disconnected from 
Trainer power. The single LED next to the Power switch indicates this 
condition. Whenever you make connections between the Trainer and the 
large connector block, always switch the power off. This will not disturb 
any program stored in the Trainer. If you must remove or install a 
component in the Trainer circuits, such as an IC, remove the power plug 
from the wall receptacle. 
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Material Required 

1 Microprocessor Trainer 

1 1000 ohm, l/4-watt, 10% resistor 

1 Pushbutton switch (#1) 

1 7400 integrated circuit (443-1) 

1 74126 integrated circuit (443-717) 

1 74LS30 integrated circuit (443-732) 

1 74LS27 integrated circuit (443-800) 
Hookup wire (22 gauge, solid) 



Hookup wire (22 gauge, solid) 



ADDITIONAL MATERIAL REQUIRED (TRAINER ET-3400A) 

2 2112-2 IC's (Heath Number 443-721) 



IC puller tool 
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Procedure 

1. Turn the Trainer power off, then unplug your Trainer from its wall 
receptacle. 

2. Insert the 74126 (443-717) and 7400 (443-1) integrated circuits 
(IC's) into the large connector block as shown in Figure 10-1. 
Always install an IC in the block with pin 1 toward the left. 

NOTE: If you are using Trainer model number ET-3400, perform step 3. If 
your Trainer is an ET-3400 A, perform step 3 A. All other steps of this 
procedure are common to both Trainer types, except where indicated. 

3. Using the IC puller tool, remove the 2112 (443-721) IC from its 
socket at location IC17. (Observe the precautions described in Unit 
9 for MOS devices.) Then insert the IC into the large connector 
block as shown in Figure 10-1. This IC will be reinstalled in the 
ET-3400 Trainer in a later experiment. 

3 A. Locate a 2112-2 IC (Heath number 443-721) that was supplied with 
this course. Notice that this IC is packed in conductive foam. 

NOTE: These IC's are rugged, reliable components. However, normal 
static electricity discharged from your body through an IC pin to an object 
can damage the IC. Install these IC's without interruption as follows: 

• Remove the IC from its package with both hands. 

• Hold the IC with one hand and straighten any bent pins with the 
other hand. 

• Insert the IC into the large connector block as shown in Figure 
10-1. 
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Install the pushbutton switch at the location shown in Figure 10-1. 
Be sure to press straight down when you insert the switch leads — 
they are fragile. 

Using the 22 gauge, solid hookup wire, interconnect the IC's and 
switch as shown in Figure 10-1. Install the 1000 ohm, 1/4-watt, 10% 
resistor at this time also. 



3 INARY DATA 



□ □□ □ 

□ □□□ 



a □□ □ 
□ □□□ 



* \ □□ □ □ 



TlGND □ □ O O 
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□□□□□ □□□□□□□□□□□ c 



o □ □ □ □ □ □ □ □ □ ao one □ □ : 

.□□□□□□□□□□□□□□□DC 



S3 



#- r -.3 □□□□□□□□□□□□□□□□ 

□ □ ogfl ZmSJL QaPoaooo □ iQQ% ? ^□□□□□□□□□□□□□□□c 

■a |ra u u ^^J^Tjuu^^uuuul^ M M DQODDD 
□S** □ □ Q n fj □ □□□ ■ s>™- t ~ r ~ 

^oooQO ^Buu^ui'L> □ o o a □ M 
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□ □□□□cacTjia □□□□□□□□□□□ gaga □□□□□□□ □ 



Figure 10-1 
Part A of wire interconnect diagram. 
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i_n « a a a a a g n s a ~ a a a « * n aaQQQQQDaQQQDQQC 



fo y u U U U U U'q'U ujulji 



!= □ □□□□□□□□□□□□□□CC 



^□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□□o c L— — — . 
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□ oa aaoa □ □□□□□□□□ □□□□□□□ □□□□□□ a a 




Figure 10-2 
Part B of wire interconnect diagram. 



Refer to Figure 10-2 and install hookup wire as shown. Now com- 
pare your circuit with the circuit shown in Figure 10-3. Figures 
10-1 and 10-2 are supplied to familiarize you with the proper 
wiring technique. The remaining hardware experiments will show 
only the circuit diagram. 



Connect your Trainer line cord plug to a wall receptacle, and 
switch the circuit power on. The four data LED's may or may not be 
randomly lit. 



DATA LEDS 
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Figure 10-3 

Circuit diagram of the first part of the 
memory experiment. 
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DATA LIGHTS 

QQQQQQQQ 



7 6 5 4 3 2 1 0 




Figure 10-4 

Binary data switch functions. 



NOTE: The slide switch assembly in the lower left corner of the Trainer 
(Figure 10-4) is used to control address and data information in this 
experiment. The first four switches (0 thru 3) control data, while the next 
four (4 thru 7) control the address. Each group is arranged in a binary 
sequence with the least significant bits at 0 (data) and 4 (address). The 
physical position of each switch indicates a logic level; up for a logic 1 
and down for a logic 0. 

The pushbutton switch mounted on the large connector block functions 
as the memory Read/Write switch. In its out (off) position, the memory is 
in the read mode, and the four data LED's will display data stored in 
memory. When the R/W switch is pressed, the memory goes to the write 
mode, and the value stored in the four data switches is read into memory. 
The four data LED's immediately display the new memory data. 

8. Set the four address switches to 0000 2 , and the four data switches to 
OOOOz. Then press the R/W switch. If any of the data LED's were 
previously lit, they should now be out. This indicates that 0000 2 is 
now stored at address 0000 2 . 



ADDRESS 
HEX BINARY 



0 
□ 

a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 



DATA 
BINARY 



0 0 



1 1 



0 0 



1 1 



9. Now select address 0001 2 and set the data switches to 0001 2 . The 
display will show a random value produced at power-on. Press the 
R/W switch. The data lights will show 0001 2 , which is now stored 
in memory at address 0001 2 . 

10. Refer to Figure 10-5 and use the slide switch assembly to load the 
remaining 14 10 address locations (2 thru 15 10 ) with the data 
specified. NOTE: To write data in memory; select the address, 
select the data value, and load the data by pressing the R/W switch. 

11. With the address switches, select memory location 9 lfi . The dis- 
played data is 2 . Since the 16 memory locations contain a data 

value that matches the address, the displayed value should equal 
9 1H . Randomly select various memory locations. As each location is 
selected, the stored data will be displayed. 



Figure 10-5 
First data table for memory 
storage experiment. 
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12. Refer to Figure 10-6 and enter the specified data for each address 
location. 

13. Randomly select a number of memory locations and note the stored 
data. You probably recognized the relationship between address 
and data while you entered the data. If not, do you now? The data 
corresponds to the l's complement of the address. This circuit is 
being used as a look-up table. By selecting an address, you can 
retrieve data previously stored away. Similarly, this circuit can be 
used for code conversion. Using a binary sequence (as in Figures 
10-5 and 10-6) for addressing, a value code can be stored to repre- 
sent the address (for example, the Gray code as described in Unit 1). 
Thus, to find the Gray code value of 8 16 , simply examine memory 
location 8 16 . A second memory circuit can then be used to reconvert 
the code by using the Gray code values ( in this example) for address 
locations, and the binary values for data. 



Figure 10-6 
Second data table for memory storage 
experiment. 

Discussion 



In this section of the experiment, you used a 256 x 4-bit RAM integrated 
circuit. An IC of this type will have eight address pins and four I/O 
(input/output) pins through which a 4-bit data word may be stored 
(written) or read. The direction of I/O flow is determined by the R/W 
(read/write) pin logic level. A logic 1 on this pin defines the four I/O pins 
as outputs, thus placing the IC in its read mode. A logic 0 on the R/W pin 
defines the f our I/O pins as inputs, thus placing the IC in its write mode. A 
chip enable (CE) pin allows the IC to be enabled or disabled without 
disturbing its memory contents. This feature will be more meaningful in 
a later experiment. 

You also used a 3-state buffer array (four buffers) with the memory circuit. 
This is necessary to isolate the data switches when the memory is in its 
read mode. Each buffer acts as an open circuit at its output pin unless a 
logic 1 is applied to each enable (E) pin. As shown in Figure 10-3, when 
the R/W switch is pressed, the memory R/W line goes low (write mode), 
and the enable lines to the buffers go high (through NAND gate IC-2A). 
Switch data is coupled through the buffers and is written into memory. 
The LED's display the data value. When the R/W switch is released, the 
memory returns to its read mode and the buffers return to their open 
circuit condition. The LED's now display the data value stored in mem- 
ory. 
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Writing into memory requires careful timing. Normally the address and 

I j data lines must be stable while the R/W line is pulsed low, as shown in 

ADDRESS — A I I X Figure 10-7, part A. Actually, the data is stored as soon as_the R/W line 

I ■ reaches a logic 0 level. If the data changes value while the R/W line is low, 

dat a )( j j )( the memory will store the new data. In like manner, if the address 

J i changes with the R/W line low, the same data will be stored at the new 

r/w line X / address. 

! LINE i 
' LOW 1 

Figure 10-7 part B shows an extreme example of improper timing. At 
address condition 1, data 4 will be stored. Then data 4 will be stored at 
addres s ® y (|) Y7§T address 2. However, while at address 2, data changes to condition 5. 

w-jst-—/ ^„ Therefore, data 5 is now stored at address 2. Finally, data 5 is stored at 
— address condition 3. 



DATA 



3DQE 



Rm LINf -^ / — Procedure (continued) 

/gv 14. Turn the Trainer power off, then pull the power plug from the wall 

^ receptacle. 

Figure 10-7 NOTE: If you are using Trainer model number ET-3400, perform step 15. 

Memory write timing diagram. For mode j number ET . 3400At per form step 15A. All Other Steps of this 

procedure are common to both trainers, except where indicated. 

15. Using the IC puller tool, remove memory IC2112 (443-721) from its 
socket at location IC16. (Observe the necessary precautions for 
handling MOS devices.) Then insert the IC into the large connector 
block, next to the other memory IC. 

15A. Locate the second IC 2112 (443-721) that was supplied with this 
course. (Observe the necessary precautions for handling MOS de- 
vices.) Then insert the IC into the large connector block, next to the 
other memory IC. 



16A. Using hookup wire, rewire the connector block IC's and Trainer to 
form the circuit shown in Figure 10-8. Notice that most of the 
circuitry is identical to the first circuit you built. You may find it 
helpful to trace each on the Figure with a red pencil, as you install 
the wire. 

16B. Connect your Trainer line cord plug to a wall receptacle, and 
switch the circuit power on. 

17. The address, data, and R/W switches function as before. Refer to 
Figure 10-9 and enter the data shown, beginning at address 0000 2 . 
NOTE: Data LEDO will be lit for the first eight address locations. 
Data LEDl will be lit for the last eight address locations. 

18. Data LED's 0 and 1 indicate which memory IC is enabled. LEDO 
lights for IC4 and LEDl lights for IC3. Examine a number of ad- 
dresses between 0000 2 and 0111 2 . Notice which memory IC is 
enabled. The data stored should match the address. Now examine a 
number of addresses between 1000 2 and 1111 2 . Notice which mem- 
ory IC is enabled. The data stored should be the l's complement of 
the address. 

19. Switch the Trainer power off for a few seconds, then switch it back 
on. Examine a number of memory locations. Have their contents 
been altered? Do data LED's 0 and 1 still indicate which memory IC 
is enabled? 
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Figure 10-8 
Circuit diagram of the second part of 
the memory experiment. 
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Discussion 

Refer to Figure 10-8 and note how data LED's 0 and 1 are connected. They 
indicate which memory IC is enabled by the MSB address switch. Since 
IC3 and IC4 share address lines 4, 5, and 6, the chip enable (CE) pins 
determine which IC is enabled for data transfer. The most significant 
address line is connected to pin 13 of IC4 and its complement is con- 
nected to pin 13 of IC3. Therefore, when bit 4 (switch 7) of the address is 
logic 0, IC4 is enabled; and when bit 4 is logic 1, IC3 is enabled. 

When either memory IC is disabled, through pin CE, stored data remains 
unaffected. The 3-state output pins go to an open circuit condition. This 
insures that only one memory IC on the common address lines will be 
active for data transfer. 

RAM, unlike ROM, has a volatile memory. Therefore, when power is lost 
(even momentarily) data stored in memory is no longer valid. However, 
data can be reentered into memory and retained as long as power remains 
on. 
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Figure 10-9 
Third data table for memory storage 
experiment. 
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Procedure (continued) 

20. Switch the Trainer power off. 

21. Remove the hookup wires (save them) , pushbutton switch, resistor, 
and ICl and IC2 , used in the previous experiment, from the Trainer. 

22. Refer to Figure 10-10, install the ICs, and wire the circuit to the 
Trainer. Caution: When you install the ICs, leave an extra set of 
holes between IC2 and IC3. You will be replacing the 14-pin IC2 
with a 16-pin IC at a later time. 

23. The memory circuit you have wired now interfaces with the mi- 
croprocessor and will allow data transfer from address 0200 16 
through 02FF 16 . Use the Trainer Examine function and randomly 
select an address in this memory block. Change the data at this 
location to AA 16 . Press the FWD key, then press the BACK key. Is 
the memory content still AA 16 ? 



[-VMA02 q 



LINE 



TRAINER OA [A 
TERfACE BLOCKS 



Figure 10-10 
Circuit diagram of the third part of the 
memory experiment. 
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24. Examine address 0300 16 . Now change the contents to AA 16 . Press 
the FWD key, then press the BACK key. Is the memory content still 
AA 16 . 

The data you entered in the previous step was retained because of 
the memory circuit you wired into the Trainer. The data at location 
0300 16 was not retained because no memory exists for that location. 

25. Examine address 0200 16 and change its contents to AA 16 . 

26. Without switching the Trainer power off, interchange the D 6 and D 7 
wires at the Data Interface Block, as shown in Figure 10-11. 

27. Press the FWD key, then press the BACK key. The indicated data is 
now 6A 16 . By interchanging the sixth and seventh data bits, lfllO 
101 0 2 became 0110 1010 2 . The memory IC still retains the orginal 
data you programmed. To see this relationship, return the two 
wires to their orginal position. Since the display has "latched in" 
the previous data, press the FWD key and then the BACK key. The 
correct memory contents are now displayed. 




BEFORE 




AFTER 



Discussion 



Figure 10-11 
Physical manipulation of data by in- 
IC1 and IC2 shown in Figure 10-10, form the address decoder. The inputs terchanging data lines, 

of this decoder are connected to address lines A 8 thru A l5 , 0 2 > and VMA. 



To enable the two memory ICs, the CE pins must be at logic 0. This will 
occur when all of the inputs to ICl are at logic 1. Therefore, only address 
00 0 0 001 0 2 (02 16 ) will decode properly. This is the high order byte of a 
16-bit address. j6 2 and VMA will go to a logic 1 sometime during a proper 
address cycle. When this occurs, the output of ICl will go to a logic 0, and 
memory will be enabled. 



The low order byte of the 16-bit address determines the memory location 
in IC3 and IC4 where data will be stored or retrieved. Since each memory 
IC can store only four bits of data, two ICs are connected in parallel. Thus, 
256 10 8-bit data words can be stored from address 0200 16 thru 02FF l6 . 
Therr iore, in the circuit shown in Figure 10-10, address bits A 0 thru A 7 
select the memory location and address bits A 8 thru A 15 select the specific 
memory ICs to be enabled. 

Data flow direction is determined by the R/W line. When this line is at 
logic 0, the MPU can write into memory. When this line is at logic 1, the 
MPU can read from memory. 
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In small microprocessor systems (less than ten devices), the MPU and its 
support ICs can be connected directly together. However, when more 
circuits are added to the address and data busses, the MPU can no longer 
supply the necessary current. 



To solve this problem, bus extenders (buffers) are connected between the 
MPU and most of the surrounding ICs. These supply the necessary drive. 
Figure 10-12 illustrates a typical circuit. 

The address bus extender is uni-directional. That is, it passes a signal in 
only one direction. It consists of 16 individual buffer drivers; one for each 
address line. 



Unlike address signals, data signals can originate at the MPU or in 
peripheral circuits such as memory. Therefore, bi-directional bus exten- 
ders are required. Each data bus extender consists of two 3-state buffer 
drivers wired back-to-back as shown in Inset 2 of Figure 10-12. The 
3-state feature in this case is complementary. That is, when the read 
enable (RE) control line is low, the read buffer is enabled, and when the 
RE line is high, the write buffer is enabled. Remember, the terms read and 
write are always expressed in relation to the MPU. 
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You may wonder why an RE line is required in addition to the R/W line. It 
wouldn't be, if all the memory and any other bus operated devices were 
electrically connected outside of the bus extenders. However, in most 
systems, there are some circuits connected directly to the MPU, with 
additional circuits connected to bus extenders. Thus, the RE control is 
necessary for valid logic transfer. 



During a read cycle, data is transferred to the MPU from memory or other 
support devices. When a memory location "down line" from the bus 
extender is addressed, the bus extender will receive an RE logic 0 signal, 
which enables the buffer in the "read" direction. All devices not address- 
ed, before or after the bus extender, will be 3-stated into their open circuit 
configuration. In this case, the R/W control could have been inverted and 
connected to the bus extender RE input. However, if memory "up line" 
from the bus extender (MPU side) is addressed, the bus extender must 
remain in its "write" configuration. It could not do this if the inverted 
R/W control line was used. 



Since all of the devices "down line" are 3-stated to their open-circuit 
condition, the input to the "read" buffer of the bus extender would be 
undefined and its output would assume a logic level (usually logic 1 for 
TTL gates) that could interfere with data transfer. By using an RE control 
signal not totally defined by the R/W control, the bus extender can be 
forced into its "write" state and prevent any "down-line" interference. 

The circuit you constructed from Figure 10-10 used the CE and R/W 
signals to produce the necessary RE signal. This is then used to control 
the bus extender where it interfaces the data connector blocks with the 
MPU data bus in the Trainer. As shown in Figure 10-10, the CE signal 
from pin 8 of ICl is inverted by IC5 A. Thus, when memory ICs 3 and 4 are 
enabled and the R/W line is logic 1, the output of IC5B is logic 0, which 
enables the bus extender "read" buffer. If ICs 3 and 4 are not enabled, the 
RE line remains high regardless of R/W level, and the bus extender 
remains in its "write" condition. 

The final section of this experiment will examine a method for determin- 
ing the validity of memory. First however, you will learn to read an 
assembled program listing. This format will be used from now on in these 
experiments. What you will see is a photocopy of each program as it is 
assembled and printed by a computer. This serves two purposes: First, it 
insures that no typographical errors have been introduced during manual 
reproduction. Second, it gives you an opportunity to become familiar 
with the format used by most periodicals and books for program listing. 
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All of the following programs were assembled with a Motorola EXOR- 
ciser® and printed with a Digital Equipment Corporation decwriter II®. 
As shown in Figure 10-13, each listing can be divided into two main 
sections. The right half contains the assembly language program just as 
the programmer typed it into the computer. The left half of the listing was 
produced (assembled) from the data in the right half of the listing. This 
half contains the machine language code that must be entered into the 
Microprocessor Trainer. 

The program listing contains eight columns of information. A brief ex- 
planation of each follows. 

• Column 1 is a sequential list of numbers produced only as a 
reference to identify listing lines. 



•LINE NUMBER 

■INSTRUCTION ADDRESS 
-OP CODE 



0000.1 
00002 
00003 
00004 
00005 
00006 
00007 
00008 
00009 
00010 
00011 
00012 



•VALUE OF OPERAND OR EFFECTIVE ADDRESS 
-LABEL 



0000 __ 

0000 CE 0200 
0003 86 AS 
0005 A7 00 

0007 08 

0008 8C 0300 
000B 26 F8 
000D 3E 



MACHINE LANGUAGE 



NXTMEM 



r 



NAM 



*REV 0.2 



OPT 
ORG 
LDX 
LDA 
STA 
INX 
CPX 
BNE 
UAI 
END 



OPERATOR-INSTRUCTION OR DIRECTIVE MNEMONIC" 
OPERAND OR EFFECTIVE ADDRESS 
-COMMENT 



r 

MEMLOAD 



NOP 
0 

♦$0200 

#*A5 

OfX 

*$0300 
NXTMEM 



FIRST ADDRESS LOADED 
CONTENTS TO BE STORED 
STORE IT 
NEXT ADDRESS 
LAST ADDRESS YET? 
GET NEXT ADDRESS 
JOB IS DONE 



■ASSEMBLY LANGUAGE 



Figure 10-13 
Assembled program for loading data 
into a block of memory. 
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• Column 2 lists each instruction address. Depending on the 
number of bytes in each instruction, these addresses can be 
sequential, or spaced 2 or 3 addresses apart In Figure 10-13, 
line 00005 contains instruction address 0000, while line 00006 
contains instruction address 0003. This occurred because op 
code CE required two address bytes 02 and 00 to complete the 
instruction. 

• Column 3 lists instruction op codes only. This accounts for the 
variable address spacing in column 2. 

• Column 4 contains the operand or effective address. Thus, this 
column may have none, one, or two bytes of data, depending on 
the op code. 

• Column 5 begins the assembly language portion of the program 
listing. It contains any labels used to assemble the program. If 
the label is preceded by an asterisk (*), the following informa- 
tion is a comment only, and not used for program assembly. In 
Figure 10-13, line 00002 contains the label "*REV 0.2". This is a 
comment that states this is a program that has been revised two 
times. It serves only as a handy reference for the programmer to 
keep track of his program status. 

If the label is not preceded by an asterisk, the label becomes a 
way of finding an address in a branch or jump routine. Line 
00010 contains the instruction BNE followed by NXTMEM. 
This says, branch if not equal to the address defined by the label 
NXTMEM. Thus, the program will jump to the address at line 
00007, where the label NXTMEM is located. 

• Column 6 lists the operator-instruction for the program, or the 
directive mnemonic used by the assembler. 

• Column 7 lists the operand or the effective address of the in- 
struction or directive. 

• Column 8 contains any comments the programmer wishes to 
make. These are usually a description of the program steps to 
aid in understanding the program. 

More information on assembly programming is available in Motorola's 
"M6800 Microprocessor Applications Manual" (Heath # EDP-244). For 
the purpose of this section, we will be primarily concerned with machine 
coding, columns 2,3, and 4. 
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Procedure (continued) 

28. Refer to Figure 10-13 and enter the program beginning at address 
0000 16 . 

29. Examine your program beginning at address 0000 16 . The addresses 
and their contents should agree with the list in Figure 10-14. 

30. Press RESET, then press DO and enter address 0000 16 . The display 
will go dark, indicating the microprocessor is working. 

31. Press RESET and examine a number of memory locations between 
0200 16 and 02FF 16 . The contents will be A5 16 . You should be able to 
single-step through each memory location and verify that it func- 
tions properly by observing that A5 16 is stored at each address. By 
changing the contents at address 0004 16 to a different value, say 
5A 16 , and executing the program you can verify that none of the 
memory defaulted to the original value, A5 16 . 

32. This completes the experiment. However, DO NOT disconnect the 
memory circuit from the Trainer. You will use this circuit in Exper- 
iment 3. Proceed to Experiment 2. 



ADDRESS 



DATA 



Figure 10-14 
Data listing for program in Figure 
10-13. 



OOOO 
0001 
0002 
0003 
0004 
0005 
0006 
0007 
0008 
0009 
OOOA 
000B 
000C 
OOOD 



CE 
02 
00 
86 
A5 
A7 
00 
08 
8C 
03 
00 
26 
F8 
3E 
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Experiment 2 
CLOCK 

OBJECTIVES: 

Show how the interrupt request can be implemented. 

Show how an external timing signai can synchronize the MPU. 

Introduction 

In this experiment, you will improve the clock program you developed 
earlier. A line frequency (60 Hz) signal provides timing accuracy to the 
clock . The line frequency signal is connected to the interrupt request 
(IRQ) input. This makes the clock extremely accurate. 

Materials Required 

1 ET-3400 Microprocessor Trainer (with hard-wired circuit). 
1 6" hookup wire. 

Procedure 

Programming Notes: 

• Begin program (listed in Figure 10-15) at address 0003 l6 (line 
00009) and enter data CE 16 . The first three address locations are 
reserved for clock display time and will be entered after the 
main program has been entered. 

• As you load the program, notice that no address is specified at 
lines 00008, 00015, 00023, 00028, 00041, 00047, and 00052. 
These lines are used for comments or assembler directives. Just 
follow the program address and ignore these lines. 

• Line 00049 contains an ORG (originate) statement which is an 
assembler directive. Therefore, you can ignore the address 
specified. The next instruction you must enter goes to memory 
location 00F7 16 . Use the EXAM and CHAN keys to enter the 
opcode. 
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00001 








NAM 




CLOCK-2 


* REV 0.6 


00002 








**LINE ACCURACY CLOCK 


PROGRAM 


00003 








OPT 




NOP 




00004 


0000 






ORG 




0 




00005 


0000 


0001 


SECOND RMB 




1 




00006 


0001 


0001 


MINUTE RMB 




1 




00007 


0002 


0001 


HOURS RMB 




1 




00008 








** INTERRUPT 


HANDLING 




00009 


0003 






TIMPAS LDX 




**003D 


61 


0001 0 

VVv J. v 


\s V V vJ 


09 




0NE60T DEX 






TIME TICKING OFF 


v U U 1 J. 


0007 


27 


04 


BEQ 




TIMEUP 


60 PULSFS YET"'* 


00012 


0009 


0E 




CLI 








0001 7 


000A 
v v \/ n 


3E 




WAI 






WAITING 

w n x. i x it w 






20 


F9 


BRA 




0NE60T 


Rfl F<APK % WAIT AGAIN' 


0001 *5 








** INCR ONE SECOND AND 


UPDATE 


00016 


000D 


C6 


60 


TIMEUP LDA 


B 


*$60 


SIXTY SECONDSjSIXTY MINUTES 


00017 


000F 


on 




SEC 






ALWAYS INCREMENT SECONDS 


00018 


0010 


80 


11 


BSR 




INCR 


INCREMENT SECONDS 


00019 


0012 


8D 


OF 


BSR 




INCR 


INCREMENT MINUTES IF NEEDED 


00020 


0014 


C6 


13 


LDA 


B 


+*13 


TWELVE HOUR CLOCK 


00021 


0016 


8D 


0B 


BSR 




I NCR- 


INCREMENT HOURS 


00022 


0018 


BD 


FCBC 


JSR 




RED IS 


RESET DISPLAYS 


00023 




FCBC 


REDIS EQU 




♦ FCBC 




00024 


00 IB 


8D 


17 


BSR 




PRINT 




00025 


00 ID 


8D 


15 


BSR 




PRINT 




00026 


00 IF 


8D 


13 


BSR 




PRINT 


PRINT HOURS » MINUTES » SECONDS 


00027 


0021 


20 


E0 


BRA 




TIMPAS 


DO IT ALL AGAIN 


00028 








** INCR - INCREMENT SUBROUTINE 


00029 


0023 


A6 


00 


INCR LDA 


A 


OrX 


DATA WORD INTO A 


00030 


0025 


89 


00 


ADC 


A 


*0 


INCREMENT IF NECESSARY 


00031 


0027 


19 




DAA 






FIX TO DECIMAL 


00032 


0028 


11 




CBA 






TIME TO CLEAR? 


00033 


0029 


25 


01 


DCS 




I NCI 


NO 


00034 


002B 


4F 




CLR 


A 






00035 


002C 


A7 


00 


INC1 STA 


A 






00036 

w V V W 


002E 


08 




INX 








00037 


002F 


07 




TP A 








00038 


0030 


88 


01 


EOR 


A 


#1 


COMPLEMENT CARRY BIT 


00039 


0032 


06 




TAP 








00040 


0033 


39 




RTS 








00041 








** PRINT - 


PRINT HEX BYTES 


00042 


0034 


09 




PRINT DEX 






POINT X AT BYTE 


00043 


0035 


96 


02 


LDA 


A 


$02 


WHAT'S IN HOURS? 


00044 


0037 


27 


05 


BEQ 




ADJUST 


IF IT'S ZERO 


00045 


0039 


A6 


00 


CONTIN LDA' 


A 


0? X 




00046 


003B 


7E 


FE20 


JMP 




OUTBYT 




00047 




FE20 


OUTBYT EQU 




*FE20 


MONITOR ROUTINE 


00048 


003E 


7C 


0002 


ADJUST INC 




HOURS 


MAKE IT ONE 


00049 


0041 


20 


F6 


BRA 




CONTIN 


RESUME 


00050 


00F7 






ORG 




*00F7 




00051 


00F7 


3B 




RTI 








00052 








END 









Figure 10-15 
Assembled program for real-time 
clock. 
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Procedure (continued) 

1. If you have not done so, switch the Trainer on. Then enter the 
program listed in Figure 10-15. 

2. Refer to Figure 10-16 and install the 6" hookup wire between the 
LINE socket and the IRQ socket. Do not disturb the other circuit you 
have wired into the Trainer. 



3 . Your clock is ready to run. Determine at what time you wish to start 
the clock; then enter the seconds at address 0000 16 , the minutes at 
address 0001 16 , and the hours at address 0002 16 . For example, to set 
the clock for 9:25:30, enter the following: 



Address Data 

0000 30 (seconds) 

0001 25 (minutes) 

0002 09 (hours) 



4. Press RESET, then press DO and then enter the first 3 digits of the 
starting address (JQ. (L£L_ 16 ). As the time you have set approaches, 
enter the fourth digit (3) , but do not release the key. At precisely the 
correct time, release the "3" key. The display will momentarily go 
dark, and then show the correct time, with the seconds digit updat- 
ing at a 1-second rate. 
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Figure 10-16 
Clock interrupt request line connection. 
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Discussion 

Alt houg h it appears to be a simple process to connect the LINE signal to 
the IRQ input of the microprocessor, AC line voltage had to be reduced in 
amplitude and processed into a waveform acceptable to the microproces- 
sor. The circuit used by the Trainer is shown in Figure 10-17A. It uses a 
comparator with positive feedback to process the AC signal. 

A sample of AC line signal is coupled through current limiting resistors 
Rl and R2 to the negative input of the comparator. Diode Dl limits the 
negative swing of the AC signal to approximately 0.7 volts. The com- 
parator tracks the AC input and switches logic levels at its output, at the 
same rate. Positive feedback through resistor R6 speeds up the rise and 
fall times at the output. 

A simpler circuit is shown in Figure 10-17B. Input current is limited by 
resistor Rl, while diodes Dl and D2 limit the voltage swing within TTL 
levels. As before, the line frequency can be obtained from the secondary 
of a power transformer. The NAND gate is used to buffer the input signal 
and provide some speed-up of the rise and fall times. 




Figure 10-17 
Line frequency signal processing, 
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If a buffer is already supplied in the system, as in Figure 10-17C, then it is 
only necessary to limit the signal current and voltage swing with a 
resistor and two diodes. 

The clock program (Figure 10-15} is broken down into five main sections. 
These are: 

Lines 00005-00007. Reserved addresses where the starting seconds, 
minutes, and hours are stored. As the program progresses, these 
addresses are updated to current time. 

Lines 00009-00014, and 00051. They handle the interrupt routine, 
and count the seconds. 

Lines 00016-00027. The main part of the program keeps track of 
seconds; increments seconds, minutes, and hours when appro- 
priate. 

Lines 00029-00040. A subroutine that handles the mathematical and 
updating part of the program. 

Lines 00042-00049. Another subroutine that updates the display 
with new data. Also insures that hours never go to zero. 

In addition, a number of monitor subroutines are used. 

Since this experiment is concerned primarily with interrupt handling, 
this discussion will explain only that part of the program in detail. 

Line 00009 — Load the index register with the line frequency plus one. 
(Line frequency is 60 10 , plus 1 yields 61 10 or 3D 16 .) Thus, when the index 
register is decremented in the next instruction, the count circuit will 
provide a precise division by 60. 

Line 00010 — Decrement the index register by one. Clock timing has 
begun. 

Line 00011 — The first time through, the index is not zero. Therefore, the 
branch instruction is not executed. On a later pass, when the index 
register is zero, the program will branch to TIMEUP. 

Line 00013 — Wait for the interrupt request to arrive. 
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As discussed in Unit 6, when a non maskable interrupt (NMI) occurs, the 
contents of the index register, program counter, accumulators, and con- 
dition code register are stored in the stack. The program counter is then 
loaded with a new address that is found at addresses FFFFC 16 and FFFD 16 
(located in ROM). If you examine these addresses you will find 00 16 and 
FD ie respectively. The microprocessor will then execute the instruction 
at address 00FD 16 . 

Line 00050 — Return from interrupt. When this instruction is executed, 
the microprocessor retrieves the data previously stored in the stack. This 
includes the index register and program counter contents. It then exe- 
cutes the instruction pointed to by the program counter. 

Line 00013 — Branch always is the instruction immediately following 
the wait for interrupt. This sends the microprocessor back to line 00010 
(ONE60T). 

At this point, you should notice that the program is in a loop that repeats 
every sixtieth of a second. This will continue until the index register 
decrements to zero. When zero is attained, the branch-if-zero instruction 
will send the microprocessor off to the main part of the program, which 
increments the clock by one second. The interrupt routine repeats again 
after the clock advances. 

The remainder of the program is very similar to the clock program 
presented earlier. A full explanation of the techniques used was dis- 
cussed in a previous experiment and is not repeated here. 

This completes this experiment. Switch the Trainer power off and re- 
move the wire between LINE and IRQ. Do not disturb the remaining 
wires. The circuit you previously constructed will be used in Experiment 
3. Proceed with Experiment 3. 
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Experiment 3 
ADDRESS DECODING 

OBJECTIVES: 

Demonstrate the difference between full and partial address decod- 
ing. 

Show how an address decoding chart is assembled. 

Demonstrate how an address can be decoded using various types of 
logic circuits. 

Show how to construct a memory address map. 

Introduction 

Many different combinational logic circuits can be used to decode binary 
bit patterns. We will examine several decoding techniques in this exper- 
iment. The first example will use the circuit you wired in the first 
experiment. 

Material Required 

1 Microprocessor Trainer (with hard-wired circuit) 

1 1000 ohm, 1/4-watt, 10% resistor 
1 6" double-sided foam tape. 
1 Large connector block 
1 74LS42 integrated circuit (443-807) 
1 74LS266 integrated circuit (443-719) 
Hookup wire 
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Procedure 

1. Carefully examine the circuit you wired to the Trainer in Experi- 
ment 1 to see if any wires have pulled out. Figure 10-18 is an 
electrical diagram of the circuit. 

2. Load the program listed in Figure 10-19 beginning at address 
0000 1B with data CE 16 and ending at address 0019 16 with data E6 16 . 

3. Press RESET, then press DO and enter 0000 16 . The display will go 
out. After a short period of time, all display segments and decimal 
points will light. This is an indication that the program has been 
executed. 
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Figure 10-18 
Circuit diagram of the first part of the 
decoding experiment. 
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Figure 10-19 
Program for memory decoding experiment. 

4. You have written BB,« into every memory location except where 
the program resides, and between address 0200 16 thru 02FF lfi . Ver- 
ify this by examining a number of locations between 00lA 16 and 
OlFF IH . Now examine a number of locations between 0200 16 and 
02FF lfi (hard-wired RAM.) 

NOTE: Addresses 00D3,« thru 00F3,« will not contain BB,«. The 
Trainer monitor routine uses that portion of RAM. 
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Discussion 

The memory you have hard-wired to the Trainer occupies memory space 
directly above that allocated for 4t on-board" memory. The assignments 
are shown in Figure 10-20. In Experiment 1, you manipulated data within 
this range. Then you wrote a program to load these addresses (0200 1H thru 
02FF lfi ) with data. Thus, you found that each space in memory responds 
to a specific address. 

In this experiment, you tried to load data into every possible memory 
location except the program location and memory block 0200 1H thru 
02FF„ i . You were unsuccessful with the addresses that do not presently 
contain RAM, if your Trainer is an ET-3400. Again, refer to Figure 10-20. 

When addresses 0200 1(i thru 02FF Hi were checked, the contents were not 
modified by the program. This proves that this section of memory is fully 
decoded. That is, each location can be accessed with only one specific 
address. 
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B. ET-3400A MEMORY MAP 

Figure 10-20 

Memory maps of the Microprocessor 
Trainers with additional off-board 
RAM at 02U0 !(; through 02FF (1< . 
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Although it was described in the Trainer assembly manual, now is a good 
time to briefly look at the Trainer display. As shown in Figure 10-20, the 
display occupies space in the Trainer memory network. In addition, each 
display segment and decimal point responds to a specific address. Thus, 
when you entered BB 16 between 0300 l6 and FFFF lfi in memory, you also 
wrote into each display data latch. This is why all of the display segments 
lit while the program was running. 



A decoding chart such as the one shown in Figure 10-21 can be used to 
indicate the address code for a memory location. The l's and 0's in the 
high byte indicate the logic levels required to enable the memory block, 
while the X's in the low byte indicate that either a 1 or 0 may be present to 
select the actual address. Notice that all 16 bits help determine a specific 
address, which indicates this memory is fully decoded. 
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Figure 10-21 
Decoding chart for a memory circuit 
thrst is fully decoding. Includes mem- 
ory from 0200 m to 02FF„ 5 . 



Procedure (continued) 

5. Pull the wire end at location A (see Figure 10-18) from the connec- 
tor block. Location A is pin 2 of ICl. 

6. Now press DO and reexecute the program beginning at address 
0000 16 . Again the display will go out, and then light all segments 
and decimal points after a short period of time. 

7. Press RESET and examine a number of addresses between 0200 1R 
and 02FF lrt . Each address should now contain data BB lfi . 



8. 



Change the data at address 0210,« to AA 
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9. Examine and record the data stored at the following addresses. 



0010 
0110 
0210 
0310 
0410 
0510 
0610 
0710 



0810 
0910 
0A10 
0B10 
0C10 
0D10 
0E10 
0F10 



Discussion 

When you disconnected IC2B from the circuit, address lines A 8 , A 10 , and 
A n were no longer able to take part in address decoding. Since line A 9 
was still connected, the circuit still decodes to 02XX 16 . However, other 
addresses will now decode the same circuit. 

A new decoding chart (see Figure 10-22) can be assembled by examining 
the schematic in Figure 10-18. Bits A 0 thru A 7 are connected directly to 
memory and select specific addresses in that memory block. An X is 
placed in each of the corresponding boxes to indicate that the logic levels 
are unknown but do take part in address selection. Bits A 12 thru A 15 must 
be logic 0 so the correct logic level will be applied to the inputs of NAND 
gate ICl. Therefore, a 0 is placed in each box. 

Disconnecting IC2B removed bits A 8 , A 10 , and A u from the circuit. Since 
these bits have no effect in the decoding process, these are "don't care" 
bits. A dot (•) symbol is then placed in each of the corresponding boxes. 

Address bit A 9 is still connected to ICl. Since it must be a logic 1 to enable 
memory, a 1 is placed in its box. 



A 1 5 A n Ag A7 A 4 A3 Ap 

lolo|o|o| H»IH»1 Ixlxjxlxl Ixlxlxjxl 

0 



(2. 3, 6. 7\ 



Figure 10-22 
Decoding chart for a memory circuit 
that is partially decoded. Indicates that 
many addresses will decode this block 
of memory. 
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Once you have constructed a decoding chart, you can determine all of the 
addresses that will access the circuit. In this case, the most significant 
four bits are clearly defined as zeroes. The next four bits are more compli- 
cated. The only defined bit is A 9 . Bits A 8 , A 10 , and A n can be any logic 
level. Therefore, any hex number which contains the A 9 bit as a logic 1 
will be valid. These hex numbers include 2,3,6, 7, A, B, E, and F. Bits A 0 
through A 7 are variable and select the specific addresses within the 
circuit. 



The chart you completed in step 9 will support this discussion. When you 
changed the contents of address 0210 16 to AA 16 , the addresses that had 3, 
6, 7, A, B, E, and F as the second most significant hex digit also appeared 
to contain AA 16 . This, of course is impossible, since no memory exists for 
those addresses. 
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Figure 10-23 
Circuit diagram of the second part of 
the memory experiment. 
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Procedure (continued) 

10. Switch the Trainer power off. Then carefully remove all of the 
wires from ICl and IC2, except for the + 5 V and ground wires. The 
remaining circuit wires will remain unchanged in the circuit you 
are about to construct. To aid you, the new circuit is enclosed by a 
dashed line in Figure 10-23. 

11. Using the IC puller tool, carefully remove IC2 (74LS27). Then 
install the 74LS42 16-pin IC. Since you are replacing a 14-pin IC 
with a 16-pin IC, you will have to reposition the +5V wires or 
ground wires (pin 8 or pin 16). 

12. Refer to Figure 10-23 and wire ICl and IC2 into the circuit. Note 
that gate C of ICS is also wired into the circuit. 
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Figure 10-24 
Logic truth table for 74LS42 4-to-10 
line decoder. 

13. Carefully examine the circuit to make sure all of the wires are 
properly routed. Also make sure none of the previously installed 
wires have pulled free. 

14. Using the schematic in Figure 10-23, and the logic truth table for 
IC2, found in Figure 10-24, construct a memory decoding chart in 
Figure 10-25. 

A 15 A \2 Ay Ag A7 A4 A3 Aq 



Figure 10-25 
Blank decoding chart. 
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15. Is the circuit fully or partially decoded? 

Fully Partially 

Why? 



16. Now that you have determined the address block your memory 
resides at, load a few of the addresses with data. 



Discussion 

The circuit you just constructed contains a fully decoded memory. Its 
decoding chart is shown in Figure 10-26. Each bit position is used to 
define a specific memory address. 

In an earlier experiment, you used a combinational logic decoding 
technique. With that technique, it is necessary to use an individual logic 
circuit for each memory block. In the circuit you just completed, a 4-to-10 
line decoding IC was used to define a block of memory. Since it is 
possible to define ten different values with four input variables, this 
device could be used to address ten different memory blocks. Although 
there was no difference in the number of IC's used in the two experi- 
ments, expanding the amount of memory would require fewer device 
select IC's when the 4-to-10 decoder is used. This can be seen by reexa- 
mining the circuits in Figures 10-18 and 10-23. 
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Figure 10-26 
Decoding chart for circuit using 
4-to-10 decoding IC. 



Procedure (continued) 

17. Switch the Trainer power off. Then disconnect the wire at pin 1 of 
IC2 (74LS42) and connect it to pin 6 of IC2. 

18. The circuit is now fully decoded to address 5FXX 16 . This is because 
every address bit plays a part in determining a specific memory 
location. Switch the Trainer power on and examine a number of 
memory locations between 5F00 16 and 5FFF 16 . Notice that you can 
store and read data at these locations. However, you can no longer 
store and read data at 0F00 16 thru 0FFF 16 . 
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Discussion 

The 4-to-10 line decoder can also be used to quickly change decoding 
addresses, as you have just done. Keep in mind that this experiment uses 
only one 4-to-10 line decoder to define the most significant hex number. 
It is not unusual to see them used at lower order addresses. Your Micro- 
processor Trainer uses this decoding technique for its "on-board" mem- 
ory. 

Procedure (continued) 

19. At this time, you will need more breadboarding space. Locate the 
box containing the large connector block. Then refer to part A of 
Figure 10-27 and install the connector strips supplied with the 
block. You may have some strips left over. 

20. Refer to Figure 10-27B. Then remove the paper backing from the 
vinyl strip supplied with the block, line up the long edges of the 
strip and block, and press the sticky side of the vinyl strip against 
the block. 




Figure 10-27 
Large connector block assembly. 
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21. Read this whole step, then locate the foam tape and cut two 3/4" 
squares from it. Refer to Figure 10-28. Remove the paper backing 
from one side of each square and affix each square to the small edge 
of the Trainer cabinet as shown. The spacing between the squares 
should be a little less than the length of the connector block. Now 
remove the paper backing from the other side of the squares and 
affix the connector block to the squares. Try to center the squares on 
the back of the block. This block will provide additional bread- 
boarding space. 

22. Switch the Trainer power off and install a 74LS266 (443-719) IC in 
the new large connector block, near the left end. This IC will 
become IC6 in the circuit you construct next. 




Figure 10-28 
Outboard connector block installation. 
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Figure 10-29 

Circuit diagram of the third part of the 
decoding experiment. 
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23. 



24. 



25. 



Connect +5-volt power to pin 14 and ground to pin 7. Then refer to 
Figure 10-29 and construct the circuit shown. To aid you, the area 
enclosed by the dashed line is the only area where modifications 
are made to the previous circuit. 

Recheck the wiring to insure it is correct. Be sure pins 9 and 10 of 
IC5C are connected to pin 2 of IC2. 

Refer to Figure 10-30. This is the truth table for a gate in IC6. Notice 
that if the B input is held at logic 0, the relationship between input 
A and output Y is complementary (A is the inverse of Y). If the B 
input is held at a logic 1, the relationship between A and Y is direct 
(no inversion). Thus, input B can be used as a direct driver or an 
inverter driver. This feature will be used in the experiment. 
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Figure 10-30 
Truth table for exclusive NOR (ENOR) 
gate. 
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26. Position all of the data switches in the down (logic 0) position. 

27. Using the schematic in Figure 10-29 and the table in Figure 10-30, 
determine the decoding chart for the circuit you constructed. Fill in 
the blank decoding chart in Figure 10-31. 

28. Is the address fully or partially decoded? 

Fully Partially 

29. What is the address block this circuit will decode? 
16 thru 16 

30. Switch the Trainer on. Then enter data into a number of addresses 
in the address block you calculated. 
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Figure 10-31 
Blank decoding chart. 



Discussion 

The exclusive NOR gates used in the circuit all function as inverter 
drivers. Since each is connected to an individual input in ICl, and the 
4-to-10 line decoder is still in the circuit, each address line plays a part in 
determining a specific address. Therefore, this circuit is fully decoded, 
and occupies addresses 1000 16 thru 10FF 16 . 

Procedure (continued) 

31. Change data switches D 7 through D 4 to 0101 2 . This equals hex 5. 

32. What is the address block this circuit will now decode? 16 thru 

16 

33. Test the new address to see if the circuit will respond properly. 

Discussion 

Now you see the power of the exclusive NOR gate. Addresses are easily 
switched through them. Notice that whatever binary bit pattern you 
select with the data switch, the circuit responds to it. Now you will see 
one other feature of these particular exclusive NOR gates. 
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Procedure (continued) 

34. Switch the Trainer power off. Refer to Figure 10-29. Remove the 
three wires interconnecting ICl and IC6, from pin 11 to pin 3, pin 4 
to pin 4, and pin 2 to pin 10. Refer to Figure 10-32. Then intercon- 
nect pins 3, 4, 10, and 11 of IC6. Finally, insert a 1000 ohm, 
1/4-watt, 10% resistor between +5 volts and IC6, pin 11. 

35. The circuit should still be located at address block 1500 16 thru 
15FF 16 . Check a few of the addresses where you previously entered 
data. They should contain the same data. 

36. Change the data switches to a new bit pattern, determine the ad- 
dress code, then examine a few locations to assure yourself of 
address code accuracy. Repeat this procedure a number of times. 

Discussion 

The 74LS266 exclusive NOR gate has a special characteristic; it has an 
open-collector output. This means that a number of gates can be tied 
together, as you just did. The electrical term for this procedure is wire- 
OR'ing, where the outputs function as though they were inputs to an OR 
gate. 

One more aspect of circuit decoding will be discussed before the next 
experiment. This is important, since an experimental error could possi- 
bly result in the destruction of a gate or memory package. 
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A problem arises when two circuits decode to the same address. If two 
memories containing different data occupy the same address, they will 
try to pull the data lines in two different directions. Since this is electri- 
cally impossible, one circuit will give in, usually resulting in permanent 
destruction to the circuit. Thus, it is important when designing circuits 
like those used in this experiment to always check for conficts in address 
decoding. 



Procedure (continued) 

37. Switch the Trainer power off and pull the line cord plug. 

38. Pull the hookup wires from the circuit and save them for future use. 

NOTE: If your Trainer is an ET-3400, perform step 39. If your trainer is an 
ET-3400A, perform step 39A. 

39. Carefully remove ICs 3 and 4 (21 12) from the large connector block 
and install them in IC sockets 16 and 17 in the Trainer. Observe the 
normal precautions for MOS devices, and make sure you align pin 
1 of each IC to the proper position. Then remove all of the remain- 
ing components from the two large connector blocks. 

39A. Carefully remove ICs 3 and 4 (2112) from the large connector 
block. Observing the precautions for MOS devices, place them on 
the anti-static pad prior to placing them in the small parts container 
furnished with this course. Then remove all of the remaining com- 
ponents from the two large connector blocks. 

Discussion 

Your Microprocessor Trainer now contains 512 m bytes of RAM. This is 
located at addresses 0000,« through 01FF,«. Proceed to Experiment 4. 
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Experiment 4 
DATA OUTPUT 

OBJECTIVES: 

Demonstrate microprocessor interfacing to an external data dis- 
play. 

Show how a 7-segment display is connected. 

Demonstrate the trade-offs between hardware and software display 
decoding. 

Provide an opportunity to write a number of output programs. 

Introduction 

Until now, you have been using programs that moved data within the 
Trainer, with any results displayed by the "on-board" LED's. This may be 
adequate for your purposes, but other methods are needed if external 
equipment uses the data. The data may take the form of a visual display 
for an operator to read, or a digital control signal to manipulate an 
electro-mechanical device. This experiment will present a number of 
interfacing methods and examine some of the advantages and disadvan- 
tages of each method. 

Material Required 

1 ET-3400 Microprocessor Trainer 
8 470 ohm, l/4-watt, 5% resistors 

2 10 k ohm, l/2-watt, 5% resistors 

1 FND-500 7-segment LED (411-819) 
1 TIL-312 7-segment LED (411-831) 

1 7400 integrated circuit (443-1) 

2 7475 integrated circuits (443-13) 
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1 9368 integrated circuit (443-694) 
1 74LS30 integrated circuit (443-732) 
1 74LS27 integrated circuit (443-800) 
1 74LS259 integrated circuit (443-804) 
Hookup wire 

Procedure 

1. In this part of the experiment, you will examine how the MPU can 
be interfaced to LED's. Make sure the Trainer power is switched off; 
then construct the circuit shown in Figure 10-33. Notice that +5 
volts and ground are connected to pins 5 and 12 respectively for 
ICs 1 and 2 (7475). The other ICs use pin 14 for +5 volts and pin 7 
for ground. 



DATA LEDS 



QQQQQQQQ 




Figure 10-33 
Circuit diagram of the first part of the 
output experiment. 
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Recheck your wiring; then switch the Trainer power on. The data 
LED's will show a random value. 

Figure 10-34 is a decoding chart for the circuit you constructed. 
This shows that the circuit is partially decoded. A 2-digit hex 
number can be stored at any of these decoded addresses. Examine 
address 020F 16 . Then change the contents to 55 16 . 



ooo 



All 






*4 


A3 


AO 


l-H 




0 


0 




1 


1 





(2. 3. 6, 7\ 
\A. 8. E. F; 



Figure 10-34 
Decoding chart for outputting infor- 
mation to the data LED's. 



4. The data LED's indicate 2 > This is the binary equivalent 

of the data you stored at address 020F 16 . 

5. What hex value would be required to turn off all of the data LED's? 
16 . Verify your answer. 

6. What hex value would be required to turn on all of the data LED's? 
_ _ 16 . Verify your answer. 

7. Change the data at address 020F 16 a number of times and verify its 
value with the data LED's. 

8. Write and execute a program that will alternately turn all of the data 
LED's on and off. Use a delay loop in the program so that the on and 
off cycles can be recognized. Remember that an MPU cycle takes 
approximately 2.5 microseconds in the unmodified Trainer. If your 
Trainer has been modified for use with the Memory I/O Accessory, 
an MPU cycle will take about one microsecond. 

If you have any difficulty, use the Trainer single-step function to 
examine the operation of your program. 
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Discussion 

Refer to Figures 10-33 and 10-34. Notice that a partial decoding scheme is 
used. A fully decoded circuit could have been used by adding more 
combinational logic. 

In previous decoding circuits, the VMA and $2 signals were separate. A 
logic 1 indicated their true state. In this experiment, we took advantage of 
another Trainer output; the VMA*02 line. It is logic 0 when both the VMA 
and 02 signals are at their true state. This reduces the number of logic 
gates needed for decoding. 

The circuit you constructed appears as a write only memory to the 
microprocessor. That is, the MPU can write into the selected address, but 
it can not read the data stored. However, since eight data LED's monitor 
the stored information, you can read the data. Thus, the MPU is inter- 
faced in a way that produces usable data. 

Two bistable quad latch IC's are enabled when one of the eight pre- 
selected addresses is accessed. They act as an 8-bit memory storage 
device. Thus, any data appearing on the data lines is latched into the two 
devices. Since the output of each latch is active, the data LED connected 
to each will follow the data level. Storing 00 16 will turn off all of the LED's, 
while storing FF l6 will turn each LED on. 

Right now, the data LED's should be switching on and off at a regular 
interval, because of the program you wrote and executed. If you had any 
difficulty with the program, refer to Figure 10-35. It lists a program to 
flash the data LED's. The contents of addresses 0005 and 0006 control the 
amount of delay. You may wish to change this number if your Trainer has 
been modified. While this program may not match your program, it is one 
of many ways to accomplish the same objective. 



00001 










NAM 




FLASHER1 


REV . 0.1 


00002 










OPT 




NOP 




00003 


0000 


4F 






CLR 


A 




ACC NOW 0 


00004 


0001 


B7 


020F 


ALTER 


STA 


A 


$020F 


STORE ACC TO LIGHTS 


00005 


0004 


CE 


5500 




LUX 




#$5500 


* 


00006 


0007 


09 




WAIT 


DEX 






*WAIT 


00007 


0008 


26 


FD 




BNE 




WAIT 


* 


00008 


000A 


43 






COM 


A 




TOGGLE ACC 


00009 


000B 


20 


F4 




BRA 




ALTER 


GO BACK TO RESTORE 


00010 










END 


















Figure 10-35 





Program to flash data LED's at regular 



interval. 
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Procedure (continued) 

9. Write a program to alternately store l's and O's to the display LED's. 
But this time, adjust the timing so the LED "on" time is longer than 
the "off" time. Then execute the program. 



Discussion 

This program required two timing loops, to allow for the difference 
between on and off time. If your first program contained two timing loops 
of equal duration, it was a simple matter to modify the delay times. Figure 
10-36 illustrates a second method for accomplishing the task. The delay 
times shown are for a slow clock. You may wish to change them if your 
Trainer has a fast clock. 

In the next part of the experiment, you will add a decoder-driver and a 
common cathode, 7-segment display to the circuit. 



00001 










NAM 




FLASHER2 


REV. 0.1 


00002 










OPT 




NOP 




00003 


0000 








ORG 




0 




00004 


0000 


4F 






CLR 


A 




ACC NOW "0" 


00005 


0001 


CE 


5500 


CYCLE 


LUX 




♦$5500 


LOGIC "0" TIME 


00006 


0004 


B7 


020F 




STA 


A 


*020F 




00007 


0007 


43 






COM 


A 




BITS NOW ' 1 " 


00008 


0008 


09 




H0LD1 


DEX 








00009 


0009 


26 


FD 




BNE 




HOLIU 




00010 


000B 


CE 


FFOO 




LDX 




*$FF00 


LOGIC "1" TIME 


00011 


000E 


B7 


020F 




STA 


A 


$020F 




00012 


0011 


43 






COM 


A 




BITS NOW "0" 


00013 


0012 


09 




H0L.D2 


DEX 








00014 


0013 


26 


FD 




BNE 




HOLD 2 




00015 


0015 


20 


EA 




BRA 




CYCLE 


ONE CYCLE COMPLETE 


00016 










END 









Figure 10-36 
Program to flash data LED's at a non- 
regular interval, with the on time 
longer than off time. 



10-44 



UNIT TEN 



HEATHKIT 

CONTINUING 
EDUCATION 



Procedure (continued) 

10. Switch the Trainer power off. Then, without disturbing the circuit 
wired to the Trainer, add the circuit shown in Figure 10-37. Use the 
large connector block affixed to the Trainer cabinet to hold the new 
circuit. The FND-500 (#411-819) display is the larger of the two 
displays. 

11. Recheck your wiring, then switch the Trainer power on, and press 
RESET. 

12. The lower four bits of your data byte will determine the digit 
displayed. Enter A5 16 into address 020F 16 . 

13. What is the bit pattern displayed by the lower four display LED's? 



14. What is the hex equivalent? _ 16 . 

15. What is displayed by the new 7-segment display? _ 16 . 

16. Write a program that will cause the 7-segment display to count 
from 0 to F 16 and then continuously repeat. Include a delay loop so 
that each digit will remain on long enough to be identified. Execute 
the program. 



DATA IEDS 



Figure 10-37 
Additional data display for first output 
circuit. 
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Discussion 

The circuit you just constructed contains a 4-line-to-7-segment decoder 
driver and a 7-segment, common cathode display. The decoder driver 
(9368) contains a large maze of combinational logic which allows it to 
decode four data bits and drive the proper segments in a 7-segment 
display to produce the corresponding hex digit. 

The display circuit is a multiple LED array with common cathodes. The 
cathodes are grounded, and the decoder driver supplies the necessary 
power (approximately 30 mA at +5 volts) to light the selected LED 
segments. 

If you had any questions concerning the program to increment the dis- 
play, refer to Figure 10-38. It contains a simple program to increment the 
display from 0 to F 16 at a slow rate. The simplicity of this program 
assignment removes the need to reset accumulator A after incrementing 
to 0Fi 6 . It continues beyond 0F 16 . But, since only the four lower bits of data 
are decoded, it appears to count to 0F 16 and then reset to 00 16 . Enter the 
program in Figure 10-38 and watch the eight data LED's. They show the 
actual value stored in accumulator A. 

Next you will see how the MPU handles common-anode type displays. 
Also, you will see that a decoder driver is not necessary if you are willing 
to let the MPU do the decoding. 



00001 NAM 

00002 OPT 

00003 0000 4F CLR 

00004 0001 B7 020F UPDATE STA 



00005 0004 AC 

00006 0005 CE FFFF 

00007 0008 09 

00008 0009 26 FD 

00009 OOOB 20 F4 
00010 



INC 
LDX 

UPDAT2 DEX 
BNE 
BRA 
END 



STEP-UP REV .0.4 
NOP 



*020F 
#*FFFF 

UP DAT 2 
UPDATE 



START WITH 0 
STORE TO OUTPUT 
ADD ONE 
TIME TO WAIT 
TIME RUNNING OUT 
TIME UP YET? 



Figure 10-38 
Program to increment the 7-segment 
display from 0 to F 1B in an apparent 

cyclic manner. 
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Procedure (continued) 

17. Switch Trainer power off and remove the wires, decoder driver, 
and display package from the large connector block affixed to the 
Trainer cabinet. 



18. Refer to Figure 10-39 and construct the circuit shown. Since the 
resistor leads are too short to reach from the connector block to the 
data LED connectors, insert the free end of each resistor into an 
unused connector socket. Then run hookup wire to the appropriate 
LED connector block. 

19. Reexamine the circuit to make sure it is properly wired, and the 
resistor leads do not touch adjacent resistor leads. Then switch 
Trainer power on and press RESET. 

20. This circuit, like the previous circuit, uses the address decoder and 
latches initially wired to the Trainer. Data stored at address 020F 16 
will determine which display segment will light. Enter 00 l6 at 
address 020F 16 . What does the display indicate? _ 16 . 

21. Change the data to FF 16 . What does the display indicate? _ 16 . 

22. To light a particular segment in the display, the corresponding data 
bit must be logic 0. The table below the circuit in Figure 10-39 
indicates the segments connected to the data bits. What bit pattern 
will produce the number 1 in the display? 2 - 



DATA LEDS 

QQQQQQQQ 



Figure 10-39 
Additional data display. 
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23. Convert the bit pattern from step 22 to hex and enter it at address 
020F 16 . Although it is possible to display two l's, the correct 1 is 
produced when segments b and c are lit. 

24. Load and execute the program shown in Figure 10-40. If your 
Trainer has a fast clock, you may want to change the contents of 
address 000B to provide a longer delay. 
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00001 










NAM 




CHAR0UT1 


REV ♦ 0 ♦ 1 


00002 










OPT 




NOP 




00003 




020F 


DISPLA 


EQU 




$020F 




00004 


0000 








ORG 




0 




00005 


0000 


CE 


001A 


RECYCL 


LDX 




♦CODES 


START OF TABLE 


00006 


0003 


A6 


00 


NXTDIG 


LDA 


A 


X 


LOAD BIT PATTERN 


00007 


0005 


B7 


020F 




STA 


A 


DISPLA 


STORE TO DISPLA 


00008 


0008 


86 


FF 




LDA 


A 


♦ $FF 


* 


00009 


000A 


C6 


55 


HOLD1 


LDA 


B 


♦ $55 


* 


00010 


OOOC 


5A 




H0LD2 


DEC 


B 




* WAIT 


00011 


000D 


26 


FD 




BNE 




H0LD2 


* 


00012 


000F 


4A 






DEC 


A 




* 


00013 


0010 


26 


F8 




BNE 




H0LD1 


* 


00014 


0012 


08 






I NX 






POINT TO NXT PATTERN 


00015 


0013 


8C 


002A 




CPX 




♦FINAL +1 


LAST ONE YET? 


00016 


0016 


27 


E8 




BEG 




RECYCL 


IF SO » START AGAIN 


00017 


0018 


20 


E9 




BRA 




NXTDIG 


IF NOT, NXT PATTERN 


00018 


001A 


03 




CODES 


FCB 




$03, $9F, 


$25 > $0D, $99, $49 




001B 


9F 
















001C 


25 
















00 ID 


on 
















001E 


99 
















001F 


49 














00019 


0020 


41 






FCB 




S41 r«lFr 


$01, $19, $11 ,$C0 




0021 


IF 
















0022 


01 
















0023 


19 
















0024 


11 
















0025 


CO 














00020 


0026 


63 






FCB 




$63 r $85 r $61 




0027 


85 
















0028 


61 














00021 


002? 


71 




FINAL 


FCB 




$71 





00022 END 



Figure 10-40 

Program for incrementing the 
7-segment display from 0 to F 16 in a 
cyclic manner. 
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Discussion 

In this experiment, you have successfully eliminated a decoder driver, 
but at the expense of increased software. The program sequentially stores 
bit patterns to the display to make it appear as number 0 thru F 16 are being 
stored. 



Addresses 001 A 16 thru 0029 16 contain the sixteen display codes in numer- 
ical sequence. This "look-up" table is then accessed by the index register 
to obtain the required code. 

You may have noticed that the B 16 digit had a decimal point lit next to it. 
This is sometimes used to indicate it is a B rather than a 6. If you prefer not 
to have the decimal point, you can change address 0025 16 to Cl 16 . 

The display used in this circuit is of the common anode type, with the 
anodes connected to +5 volts. To turn on a segment, its cathode must be 
grounded. Therefore, a logic 0 turns on a segment while a logic 1 turns it 
off. 



In some applications, it is convenient to assign each segment of the 
display its own address. In the next part of the experiment, you will see 
how this is accomplished. 

Procedure (continued) 

25. Switch the Trainer power off. Then remove all of the wires and 
components from both large connector blocks. 



26. Refer to Figure 10-41 and construct this circuit on the Trainer's 
large connector block. 

27. Switch the Trainer power on. Then enter 00 16 at address 02F0 16 . 
Since only the D 0 bit is connected to the display circuit, a logic 0 
will turn a display segment on, and a logic 1 will turn the segment 
off. 



28. Advance the address and enter 00 16 . Continue this process and 
observe the display. Stop after you enter 00 16 at 02F7 16 . Notice that 
all of the display segments are lit, including the decimal point. 

29. Examine address 02F0 16 and watch the display. Now advance 
through the next seven address locations while you watch the 
display. What is finally displayed? Why? 
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SEGMENT 



1HZ 



TRAINER 
A00RE55 
INTERFACE^' 

BLOCKS 




(FRONT VIEW) 



• 












• f 




t 




R 




J 








J CZdZD L 




• 





TlL-312 
411 -831 



PIN 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1? 
13 
14 



4 ... 1 


2 ^ 


. 13 


6 ^ 


. 10 


7 A .. 8 


9 rv 


. 7 


10 


r 2 


11 ^ 
12 ^ 


. 11 
, 9 


1 Rl -P8 



a 



i 

ANO0E 
NC 
NC 
NC 
e 
d 

DP 

c 

q 

NC 

b 

ANODE 
3 



470 
I/4-W 









IC-l 




IC-2 




1 C-3 


74LS259 




74LS27 




74LS30 


443 - 




443 - 




443- 


304 




800 




732 






'1 



Figure 10-41 
Circuit diagram of the fourth part of 
the output experiment. 



Discussion 



Al5 




M2 


O 


O 


0 


O 



*8 A 7 



A3 



A 0 



o| i 1 o I 1 1 1 1 M M 1 [o 



O 2 F 0-7 

Figure 10-42 
Decoding chart for the fourth output 
circuit. 



Each display segment now has its own address in memory. This is shown 
in the circuit decoding chart in Figure 10-42. Refer to Figure 10-41. 
Address bits A 0 , A lt and A 2 are decoded to select l-of-8 bistable latches in 
ICl. Then during an MPU write operation, the logic information supplied 
by data bit D 0 is coupled into the selected latch. A logic 0 will turn on the 
appropriate display segment, while a logic 1 will turn off the segment. A 
table showing address/segment data is provide in Figure 10-41, above the 
circuit diagram. The remaining address bits, and VMA«02 are used to 
enable (E) the latches. 



Since this circuit is the write-only type, the D 0 line will "float" during an 
MPU read operation. Therefore, the D input of ICl will go high (10 k ohm 
pull-up to +5 volts) and couple a logic 1 into the latch. This is why a 
segment went out when you examined its address without entering data. 
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DIGIT 


DATA 


0 


03 


1 


9F 


2 


25 


3 


00 


4 


99 


5 


49 


6 


41 


7 


IF 


a 


01 


9 


19 


A 


11 


B 


CO 


C 


63 


D 


85 


E 


61 


F 


71 



Figure 10-44 
Display data table for the character 
output program. 



Procedure (continued) 

30. Load the program listed in Figure 10-43. Begin at address 0001 16 . 
(Address 0000 16 is reserved for data.) Notice that the comment 
column in step 0013 10 indicates this program will be used as a 
subroutine in a future program. 

31. Refer to the display data table in Figure 10-44 and select a hex digit. 
Then enter the corresponding data at address 0000 16 . 

32. Execute the program beginning at address 0001 16 . The hex digit 
you selected will appear in the 7-segment display. 

33. Load the program listed in Figure 10-45. Begin at address 0102 16 
(step 00006 10 ). (Addresses 0100 and 0101 16 are reserved for data.) 
Then enter 39 16 at address 000F 16 . The program located at addresses 
0001 thru 000F 16 is a subroutine for the program you just entered. 
The data stored at addresses 0124 thru 0133 16 serve as a look-up 
table for the 16 hex digits you will display. If your Trainer has a fast 
clock, you may want to change the contents of address 0115 to 
provide a longer delay. 



34. Execute the program beginning at address 0102 16 . The 7-segment 
display will sequentially show the hex digits 0 thru F in a cyclic 
manner. 



00001 








NAM 


CHAR0UT2 REV ♦ 0.2 


00002 








OPT 


NOP 


00003 


0000 






ORG 


0 


00004 




02F0 


SEGMEN 


EQU 


$02F0 


00005 


0000 


0001 


CHARAC 


RMB 


1 


00006 


0001 


CE 02F7 


OUTCHR 


LUX 


♦SEGMEN+7 TOP OF SEC. LIST 


00007 


0004 


D6 00 




LDA B 


CHARAC GET PATTERN 


00008 


0006 


E7 00 


NXTSEG 


STA B 


OfX STORE TO LATCH 


00009 


0008 


56 




ROR B 


SHFT FOR NXT BIT 


00010 


0009 


09 




DEX 




00011 


0O0A 


8C 02EF 




CPX 


♦SEGMEN- 1 LAST SEG. YET? 


00012 


000D 


26 F7 




BNE 


NXTSEG 


00013 


000F 


3E 




WAI 


DONE (39 FOR SUBROUTINE) 


00014 








END 





Figure 10-43 
Program for writing data into a 
7-segment display. 
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OOOOl 
00002 
00003 
OOOOA 
00005 
00006 
00007 
0000B 
0000? 
00010 
00011 
00012 
00013 
00014 
00015 
00016 
00017 
00018 
00019 
00020 
00021 
00022 



00023 



00024 



00025 
00026 



0100 

0100 

0102 
0105 
0107 
0109 
010C 
01 OF 
0112 
0114 
0116 
0117 
Oil? 
Oil A 
011C 
011D 
0120 
0122 
0124 
0125 
0126 
0127 
0128 
0129 
012A 
012B 
012C 
01 2D 
012E 
012F 
0130 
0131 
0132 
0133 



0000 
0002 
0001 
CE 0124 
A6 00 
97 00 
FF 0100 
BD 0001 
FE 0100 
86 FF 
C6 55 
5A 

26 FD 
4A 

26 F8 
08 

3C 0134 

27 EO 
20 El 
03 

9F 

'•>•=: 

on 

99 
49 
41 
IF 
01 
19 
11 
CO 
63 
35 
61 
71 



CHARAC 

ISAVE 

OUTCHR 

START 

NXTDIG 



HOLM 
H0LD2 



CODES 



NAM 
ORG 
EQU 
RMB 
EQU 
LDX 
LDA 
STA 
STX 
JSR 
LDX 
LDA 
LDA 
DEC 
BNE 
DEC 
BNE 
I NX 
CPX 
BEQ 
BRA 
FCB 



OUTSTRIG REV* 0.3 

$0100 

00 



FCB 



FCB 



01 

♦CODES 
0,X 

CHARAC 

ISAVE 

OUTCHR 

ISAVE 

*$FF 



H0LD2 

H0LD1 

tFINAL+1 
START 
NXTDIG 
$03r$9F> 



POINT TO CODE TBL 
GET PATTERN 
STORE IT 
SAVE INDEX 
OUTPUT DIGIT 
RESTORE INDEX 
* 

* 

* WAIT 
* 

* 

POINT TO NXT CODE 

RECYCLE 
GET NXT DIGIT 
$25 ttQD, $99 



$49r$41,$lFr$01?$19 



$11 ? $C0r$63r$85r$61 



FINAL FCB 
END 



$71 



Figure 10-45 
Program for outputting hex digits in 
sequence and in a cyclic manner. Re- 
quires program from Figure 10-43 as a 
subroutine. 
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Discussion 

With each reduction in hardware, there is generally an increase in sup- 
port software. The program in Figure 10-43 is used only to output the 
necessary data bits to produce a single hex character. Since eight separate 
address locations are needed to light the 7-digit segments and the deci- 
mal point, the program must output eight bytes of data in order to 
produce the desired display. This is accomplished by using the index 
register to monitor each segment address and outputting the appropriate 
data from the B accumulator. 

Remember that only the D 0 data bit is connected to the display latch. 
Thus, you can enter the appropriate 8-bit word (for the hex digit) into the 
B accumulator and then write the word to the display, which only accepts 
the D 0 bit. After the word is written, the B accumulator is rotated right, 
which places the next most significant data bit (for the hex digit) at the D 0 
position. The index register decrements to the next segment address and 
the program branches back to the store B accumulator step. This process 
continues until all of the display latches are filled, then the branch step 
defaults and the MPU goes into a wait for interrupt condition. The second 
program you entered is similar to the previous cyclic character output 
programs. At step 00010 10 , a jump to subroutine instruction sends the 
MPU back to the character output subroutine. 



Procedure (continued) 

35. Switch the Trainer power off. Then remove the hookup wire and 
the components from the large connector block. 

36. This completes this experiment. Return to the Unit Activity Guide 
of Unit 7. 
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Experiment 5 
DATA INPUT 

OBJECTIVES: 

Show how to construct a circuit for writing data to the microproces- 
sor. 

Demonstrate various methods for programming the microprocessor 
to accept externally applied data. 

Demonstrate a software routine for debouncing a switch. 
Show how to select a debounce routine to fit a specific system. 

Introduction 

Experiment 4 introduced you to various methods of outputting data from 
the microprocessor. In this experiment, you will learn how to input data. 
While many devices can be used to transfer data to a microprocessor 
(teletypewriter, tape reader, modem, transducer, etc.), they all ac- 
complish their task in basically the same manner. You will use the 
Trainer binary data switches and four external pushbutton switches for 
data entry. 

Materials Required 

1 ET-3400 Microprocessor Trainer 

1 #1 switch 

1 #2 switch 

1 #3 switch 

1 #4 switch 

1 7400 integrated circuit (443-1) 

1 74126 integrated circuit (443-717) 

2 74LS30 integrated circuits (443-732) 
1 74LS27 integrated circuit (443-800) 

Hookup wire 
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TRAINER ADDRESS 
INTERFACE BLOCKS 
A, 




5 4 3 2 10 

BINARY DATA 
SWITCH CONNECTOR 
BLOCKS 



uT 


i«T 






IC-l 




IC-2 




IC-3 




IC.-4 


74126 




7400 




74LS30 




74LS27 


443 - 




443 -1 




443 - 




443 - 


717 








732 




300 



Figure 10-46 
Circuit diagram of the first part of the 
input experiment. 



Procedure 

1. In the first part of this experiment, you will interface four slide 
switches to the data bus of the MPU. Make sure the Trainer power is 
switched off. Then construct the circuit shown in Figure 10-46. 

2. Make sure all of the binary data switches are down (logic 0). Then 
position switch 0 up to logic 1. 



NOTE: You may have noticed that the display is faintly illuminated 
with Trainer power off. This is caused by current from the data 
lines being coupled through ICl to the +5-volt connector block, 
and from there to the displays. Disregard the display with power 
off. 



Figure 10-47 
Program for inputting data from the 
binary data switches. 



J. Switch Trainer power on and enter the program listed in Figure 
10-47. Then execute the program beginning at address 0000 16 . 

00001 NAM INPUT-01 REV. <)♦ 

00002 OPT NOP 

00003 0000 B6 0F&0 LDA A $0F80 

00004 0003 B7 0100 ST A A $0100 

00005 0006 3E WAI 

00006 END 



GET DATA 
SAVE IT 
DONE 
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4. Examine address 0100 16 . What is the contents? _ _ 16 . 

5. Position data switch 0 down to logic 0. Then position data switch 1 
up to logic 1. 

6. Execute the program. Then examine address 0100 16 . What is the 
contents? 16 . 

7. Position data switches 0 thru 3 up to logic 1. 

8. Execute the program. Then examine address 0100 16 . What is the 
contents? _ _ 16 . 

9. Enter the program listed in Figure 10-48. 

10. Execute the program beginning at address 0000 16 . Now flip data 
switch 0 between logic 1 and logic 0 a number of times and observe 
the decimal point of Trainer display H. Notice that the decimal 
point is lit for a logic 1 and off for logic 0. 
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Discussion 

Refer again to the circuit in Figure 10-46. It is quite similar to the one used 
for outputting data. However, it operates like read only memory, with its 
data being influenced by external sources, (the "outside world"). 



00001 
00002 

00003 0000 B6 0F80 REDO 

00004 0003 B7 C167 

00005 0006 20 F8 
00006 



NAM 



INPUT -02 REV, 0*2 



OPT NOP 

LDA A $0F80 

ST A A $C167 

BRA REDO 
END 



GET DATA 
STORE IT 
GO BACK AGAIN 



Figure 10-48 
Program to follow and display input 
from data switch 0. 
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The circuit is partially decoded as shown in Figure 10-49. When any of 
the specified addresses is selected, the buffer drivers of ICl are enabled 
through inverter IC2 A. This allows the data switch logic to be coupled to 
the Trainer data bus buffers. As soon as the R/W line goes high (MPU 
read), gate IC2B enables the input portion of the Trainer data bus buffers 
through the RE line. 

You may have noticed one flaw in the circuit. The buffers in ICl are 
always enabled when any of the circuit decoded addresses are selected. 
Therefore, it is important that you as the programmer do not try to write to 
these addresses. If you did so, the buffers would try to source or sink the 
data lines and result in possible circuit damage. One way to avoid this 
problem is to disconnect pin 4 of IC3 from A 7 and connect it to the R/W 
line. This will disable ICl during an MPU write, but the circuit address 
coding is now changed to 00001 111"-0000 16 . 

Both programs in this experiment used address 0F80 16 as an input port. 
The first retrieves data from 0F80 16 and stores it at 0100 16 . 

The second program also retrieves data from 0F80 16 . But this time, it is 
stored at C167 16 , the address of the decimal point for Trainer display H. 
Since only the D 0 data bit is connected to the Trainer display, data switch 
0 is the only switch to affect the display. The program continuously 
branches back and retrieves switch data immediately after storing the 
previous data. Thus, when you changed the position of data switch 0, the 
decimal point appeared to follow the logic value of the changing switch 
position. 

Next, some additional hardware and software features will be added to 
the circuit. 
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Figure 10-49 
Decoding chart for the first input circuit. 
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Procedure (continued) 



3 2 1 0 



11. 



□ □ a □ 

□ □ □ □ 



□ o| 



BINARY DATA 
SW I TCH 

CONNECTOR 3L0CKS 



12. 



13. 



Refer to Figure 10-50 and construct the circuit shown. This circuit 
interconnects with the first circuit you constructed. Remember, the 
pushbutton pins are fragile. Press straight down when you install 
them in the large connector block, mounted on the Trainer cabinet. 



Position all of the Trainer binary data switches up to logic 1. 

Load the program listed in Figure 10-51, beginning at address Figure 10-50 

0000 16 [program Step 00007). Added circuitry for the data input ex- 

periment. 



EXTERNAL |i 
PUSHBUTTON 4P 3P 21 IP 

SWITCHES (p| p| 



00001 










NAM 




KEYINDIC REV .0.2 


00002 










OPT 




NOP 




www 


0000 

WW 








Uf\U 




o 




00004 




FE3A 


0UTCH 


L. LIU 




$FE3A 




00005 




FE52 


0UTSTR 

UU 1 J 1 l\ 


EQU 




$FE52 




00006 




FCBC 


RED IS 


EQU 




$FCBC 




00007 


oooo 




007 1 


ONE 


JSR 




CLRDIS 


CLEAR DISPLAY ROUTINE 


0000B 

w w w w StJ 


000'3 


BD 


FCBC 




JSR 




REDTS 

(A U X.' J. vJ 


C'pcpT DTOTT POSITION (\ FFT ) 

l\L JL 1 L> 1 U X 1 1 U J I 1 i U IT \ LLI 1 / 


00009 


0006 


C A 

r a 


AC* OA 




L DA 
u.i.>n 


p 

A." 


$0F80 


LOOKING FOR KEY CLOSURE 


00010 


0009 


oz 
a o 


T" A 




i da 

i— A.' n 


A 

n 


ff -r \J v 


ftlT PATTERN FOR *1 


0001 1 


000ft 


jo 






POP 
r\ur\ 


ft 




MOVES "DO" BIT TO C REGISTER 


0001 ? 


ooor 












TWO 


NOT ONE? GO TO TWO 


V V V JL \D 




ou 


1 7 




pep 




XECUTE 


OUTPUT A *1 


00014 


0010 


86 


6D 


TWO 


LDA 


A 


**6D 


BIT PATTERN FOR #2 


AAA 1 C* 


A A i O 

0012 


56 






One* 

hUK 


B 




MOVES "Dl' BIT TO C REGISTER- 


\s V \J JL o 




25 


02 




DUO 




THREE 


NOT TWO? GO TO THREE 


\J\J\J JL / 


VVJ. J 


8D 


10 








XECUTE 


OUTPUT A #2 


nna 1 a 

V W X o 


fifil 7 

V V 1 / 


86 


79 


I nr\LC. 


i da 


H 


*$79 


BIT PATTERN FOR #3 


OOOt 9 




56 






PHP 
r\ur\ 


ft 




MOVES "D2" BIT TO C REGISTER 


00020 


001A 


25 


02 




BCS 




FOUR 


NOT THREE? GO TO FOUR 


00021 


001C 


80 


09 




BSR 




XECUTE 


OUTPUT A *3 


00022 


001E 


86 


33 


FOUR 


LDA 


A 


#*33 


BIT PATTERN FOR #4 


00023 


0020 


56 






R0R 


B 




MOVES "D3" BIT TO C REGISTER 


00024 


0021 


25 


DD 




BCS 




ONE 


NOT FOUR? GO BACK TO ONE 


00025 


0023 


3D 


02 




BSR 




XECUTE 


OUTPUT A #4 


00026 


0025 


20 


D9 




BRA 




ONE 


RETURN , RECHECK FOR CLOSURE 


00027 


0027 


BD 


FE3A 


XECUTE 


JSR 




0UTCH 


MONITOR ROUTINE OUTPUTS CHAR. 


00028 


002A 


CE 


0100 




LDX 




♦$0100 


ENTER TIMING LOOP 


00029 


002D 


09 




HOLD 


DEX 






TIME RUNNING OUT 


00030 


002E 


26 


FD 




BNE 




HOLD 


TIME OUT YET? 


00031 


0030 


39 






RTS 






RETURN r RECHECK FOR CLOSURE 


00032 


0031 


BD 


FE52 


CLRDIS 


JSR 




0UTSTR 


THE FOLLOWING CLEARS DISPLAY 


00033 


0034 


00 






FOB 




00*00* 00 t 00 ? 00 , $80 




0035 


00 
















0036 


00 












Figure 10-51 




0037 


00 














0038 


00 












Program to display the pushbutton 




0039 


80 












numbers in a sequential manner. 


00034 


00 3A 


39 






RTS 








00035 










END 
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14. Execute the program beginning at address 0000 16 . The decimal 
point in display C will light to show the program is working. 

15. Press one of the four pushbuttons and note the displayed result. 

16. Simultaneously press any two pushbuttons and note the result. 

17. Simultaneously press any three pushbuttons and note the result. 

18. Simultaneously press all four pushbuttons and note the result. 



Discussion 

The four pushbuttons in this experiment simply provide a convenient 
substitute for the four Trainer data switches. You could obtain the same 
result by manipulating the data switches. However, the pushbuttons will 
be needed in the next portion of the experiment. 

The program shown in Figure 10-51 makes extensive use of the Trainer 
monitor routines located in ROM. These include OUTCH, OUTSTR, and 
RED IS. An earlier programming experiment showed how to use these 
routines. 

Recall that OUTCH outputs a 7-segment code from accumulator A to the 
display indicated by a display pointer. OUTSTR outputs a string of 
characters to the displays. REDIS resets the display pointer so that the 
first character displayed by OUTCH or OUTSTR is in display H. 

In addition, the program has two subroutines of its own. CLRDIS (for 
clear displays) is in addresses 003 1 16 through 003 A 16 . It uses OUTSTR to 
clear the six displays. XECUTE is in addresses 0023 16 through 0030 16 . It 
uses OUTCH to display a character and then goes into a short delay. 

The program starts at address 0000 16 . The first instruction jumps the MPU 
to the CLRDIS subroutine. After the displays are cleared, the MPU returns 
to the instruction at address 0003 16 . This instruction directs the MPU to 
the REDIS subroutine. This sets the display pointer to display H. 

The MPU returns to the instruction in address 0006 16 . Pushbutton data is 
now loaded into the B accumulator. Next, the 7-segment pattern for a "1" 
is loaded in the A accumulator. The D 0 bit in the B accumulator is 
examined. If it is a one (#1 pushbutton not pressed), the program 
branches foward to TWO. If the D 0 bit is a zero, the program branches to 
XECUTE. XECUTE displays the 1 in display H. 
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After XECUTE, an RTS sends the program back to address 0010 16 . The A 
accumulator is loaded with the bit pattern for the digit "2". Then the B 
accumulator is again rolled right to test for a #2 pushbutton actuation. If 
#2 was pushed, it will be displayed; otherwise, the program will advance 
and test the remaining pushbuttons. 

The pushbuttons that test true determine the numbers displayed. How- 
ever, the display pointer determines the display that contains the 
number. 

After all of the pushbuttons have been tested, the display is cleared and 
the display pointer again points to display H. 

In many applications, the MPU constantly scans the input switches 
looking for input data. However, in some applications this would waste 
too much of the MPU's time. A better approach is to let the MPU ignore 
the keyboard until a key is depressed. This is possible through the use of 
interrupts. In the next part of the experiment you will see how a keyboard 
can control the MPU through the interrupt line. You will also see how a 
debounce subroutine works. 

Procedure (continued) 

19. Switch the Trainer power off. Then refer to Figure 10-52 and add 
the circuit shown to the circuit already wired to the Trainer. There 
should be enough room near the left end of the large connector 
block "on board" the Trainer to hold the additional 74LS30. Notice 
that the inputs to the 74LS30 are connected in parallel with the data 
lines leaving the four pushbutton switches. IC2C is one of the 
unused gates in IC2. 




\ l\ i\ l\ 



EXTERNAL 
PUSHBUTTON 
SWITCHES 
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IC-5 

74LS30 
443 - 

732 



Figure 10-52 
Interrupt circuitry for data input ex- 
periment circuit. 
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20. Switch Trainer power on. Then refer to Figure 10-53 and enter the 
program listed beginning at address 0000 16 . Notice that after you 
enter the 3B 16 at address 002B 16f you must go to address 00F7 16 to 
enter the remaining data. 002C and 002D 16 are temporary registers. 

21. Now enter 00 16 into address 0100 thru 0110 16 . These addresses are 
used as data storage registers. 

22. Execute the program beginning at address 0000 16 . The display will 
go blank. 

23. Strike each pushbutton sequentially in a 1, 2, 3, 4 order. When you 
strike each button, use a moderate force, such as you would use 
when typing with a mechanical typewriter. The data you entered is 
stored in memory and will not be displayed. 



00001 










NAM 




DB0UNCE1 


REV* 0.4 


00002 










OPT 




NOP 




00003 




0F80 


INPUT 


EQLJ 




$0F80 




00004 


0000 


OE 






CLI 






READY FOR INTERRUPT 


00005 


0001 


CE 


0100 


PROGRA 


LDX 




#$0100 


POINT TO STORAGE 


00006 


0004 


01 






NOP 






# 


00007 


0005 


01 






NOP 






* LOCATION FOR PROGRAM 


00008 


0006 


20 


F9 




BRA 




PROGRA 


* 


00009 


0008 


B6 


0F80 


GETDAT 


LDA 


A 


INPUT 


GET DATA 


00010 


000B 


Bl 


002C 




CMP 


A 


TEMP 


IS IT LIKE BEFORE? 


00011 


000E 


27 


07 




BEG 




SAME 


IF SO v GO TO SAME 


00012 


0010 


B7 


002C 




STA 


A 


TEMP 


IF NOT, STORE IN TEMP 


00013 


0013 


7F 


002D 




CLR 




COUNT 


RESET COUNTER TO ZERO 


00014 


0016 


3B 






RTI 








00015 


0017 


C6 


40 


SAME 


LDA 


B 


**40 


NUMBER OF CHECKS 


00016 


0019 


Fl 


002D 




CMP 


B 


COUNT 


ENOUGH CHECKS YET? 


00017 


001C 


27 


04 




BEG 




LEGAL 


IF SO, GO TO LEGAL 


00018 


001E 


7C 


002D 




INC 




COUNT 


IF NOT » INCREMENT COUNT 


00019 


0021 


3B 






RTI 








00020 


0022 


43 




LEGAL 


COM 


A 




INVERT LOGIC 


00021 


0023 


A7 


00 




STA 


A 


X 


PLACE IN STORAGE 


00022 


0025 


7F 


002D 




CLR 




COUNT 


RESET COUNTER TO ZERO 


00023 


0028 


08 






I NX 






POINT TO NEXT STORAGE PLACE 


00024 


0029 


DF 


02 




STX 




PROGRA+1 


SAVE I DURING RTI 


00025 


002B 


3B 






RTI 








00026 


002C 


0001 


TEMP 


RMB 




1 




00027 


002D 


0001 


COUNT 


RMB 




1 




00028 


00F7 








ORG 




*00F7 


INTERRUPT VECTOR 


00029 


OOF 7 


7E 


0008 




J MP 




GETDAT 




00030 










END 






Figure 10-53 



Program to software debounce the 



input pushbuttons. 
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24. Examine address 0003 16 . It should contain 04 16 , which is the 
number of pushbutton contact closures made. Change the contents 
back to 00 16 . 

25. Examine addresses 0100 thru 0103 16 . They should contain 01, 02, 
04, and 08 16 respectively. Change the data in these four locations 
back to 00 16 . Even though the pushbuttons are labeled 1,2,3, and 4, 
they are connected to data lines D 0 , D lf D 2 , and D 3 . Therefore, the 
switches will enter the binary values 1, 2, 4, and 8. 

26. Execute the program. Then press each pushbutton twice in succes- 
sion (1, 1, 2, 2, 3, 3, 4, 4). Address 0003 16 now contains 08 16 , 
representing eight pushbutton contact closures. Enter 00 16 at ad- 
dress 0003 16 . 

27. Examine addresses 0100 thru 0107 16 . They will show the value of 
each pushbutton pressed and the sequence it was pressed. Change 
the data in these address back to 00 16 . 

28. Examine address 0018 16 . It should contain data 40 16 . Change the 
value to 00 16 . 

29. Execute the program. Then press each pushbutton once in sequ- 
ence. 

30. Examine address 0003 16 and record the contents 16 . This number 

should equal 04 16 . However, it may be higher. 

31. Record the data in the following addresses. You need only examine 
the number of addresses that correspond to the value recorded in 
step 30. 



0100 


0109 _ 


0101 _ _ 


010A _ 


0102 _ _ 


010B _ 


0103 


010C _ 


0104 _ _ 


010D _ 


0105 


010E _ 


0106 _ _ 


010F _ 


0107 _ _ 


0110 _ 


0108 _ _ 
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Discussion 

IC5 and gate IC2C provide an interface between the four external 
pushbuttons and the interrupt request line (IRQ). The remaining circuitry 
functions as before. Thus, whenever you attempt to enter data with the 
pushbutton switches, a request for program interrupt signal is sent to the 
microprocessor. 

The program listed in Figure 10-53 processes the interrupt and de- 
bounces the keys. The program is actually two programs in one. The first 
part (steps 00005 through 00008) serves as a "simulated" program that 
runs in an eternal loop until it is interrupted. The remaining program 
steps actually service the input data pushbuttons during the interrupt. 
This is the program we will deal with. 

Figure 10-54 is a flow chart for the interrupt program. The numbers at 
each block represent the assembled program steps. 
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GET 
INPUT 
DATA 







IS 
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STORE 
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(24 
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STORE 
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MEMORY 






CLEAR 
THEN 
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1 NX 






SAVE INDEX 
REGISTER 
BEFORE RTI 
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CLEAR 
INPUT 



RTI 
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Figure 10-54 
Flow chart for interrupt routine in the 
debounce program. 
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When the MPU receives an interrupt request; it completes the instruction 
it is presently performing, loads the internal registers and accumulators 
into the stack, sets the interrupt mask in the condition code register, then 
examines ROM to find out where the program counter is to be vectored. 
The vector address instruction sends the program counter to the begin- 
ning address of the interrupt program. 

Pushbutton data is loaded and compared to the data in the temporary 
register (address 002C 16 ). Since this is the first time data is examined, 
there can be no match. Therefore, the pushbutton data is stored in the 
temporary register, the counter register (address 002D 16 ) is reset, and the 
MPU returns to the original program. This is the first time the MPU looks 
at the pushbuttons during the debounce routine. The data in the tempor- 
ary register will serve as the reference for all future interrupts. If the input 
data changes, this new data will be entered, and the counter register will 
be reset. The counter is used later in the interrupt program to monitor the 
number of data examinations performed. 

Upon return from the interrupt program, the MPU pulls the accumulator 
and register data from the stack. This clears the interrupt mask, and since 
you still have the pushbutton pressed, the MPU immediately acknow- 
ledges the interrupt request. Whereupon, it stores into the stack, sets the 
mask, and looks up the interrupt vector. 

Pushbutton data is again compared with the temporary register. This 
time, it matches. Thus, allowing a branch to address 0017 16 . Data 40 16 is 
loaded into the B accumulator and then compared with the count regis- 
ter. Since the count is zero, there is no match. Therefore, the count is 
incremented and the MPU returns to the main program. 

Assuming you are still holding the pushbutton down, the MPU goes 
through the interrupt routine 38 more times (39 total). During the 40" 1 
cycle, if the data is still good, the MPU will be satisfied that the data 
supplied by the pushbutton is true, and the program is allowed to branch 
to address 0022 16 . 

The contents of accumulator A (pushbutton data) is complemented and 
stored at the address pointed to by the index register. This address was 
loaded into the index register in the main program. It is the first of 17 10 
addresses you reserved for data when you performed the experiment. 

The counter register is cleared (in case the same pushbutton is again 
pressed). The index register is incremented and stored at address 0002 16 . 
This points to the next data address, in preparation for the next pushbut- 
ton closure. Finally, the MPU returns to the main program. 
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You may have wondered why the pushbutton data was complemented 
before storage (address 0022 16 ) . This was necessary since the pushbuttons 
were wired using inverse logic. That is, when the #1 pushbutton was 
pressed, data 1111 111 0 2 was transferred on the data bus, rather than 0000 
0001 2 . Thus, it was necessary to invert the data for "logical" interpreta- 
tion. 

In the second part of this portion of the experiment, you changed the 
number of data examinations from 40 16 to 00 16 (address 0018 16 ). Then 
when you entered four pushbutton closures, you probably found more 
than four entries stored at address 0003 16 . This occurred because the 
contacts of a switch tend to bounce open and closed a number of times 
before they stay closed. Since the bounce period can last many mil- 
liseconds, the MPU could treat each bounce as a separate entry, as you 
probably experienced. 

Again look at the data you recorded in step 31. As you know, the program 
is designed to store one pushbutton closure in each address. A series of 
two or more identical entries indicates bounce. You may even have one or 
two zeroes recorded. This occurred because the contacts opened after an 
interrupt request, but before the data could be tested. Thus, a zero is 
stored. 

Contact bounce can not be tolerated. But, what is a desirable number of 
switch samples? This will depend on the type of switch. If the sample is 
too low, bounce can occasionally get through. Large samples waste time 
and may require long switch hold-down periods. Normally five to eight 
samples are sufficient for a program of the type you used in this experi- 
ment. However, some switches will produce excessive bounce. As a 
precaution, 40 samples are used in the program. 

Your Microprocessor Trainer uses a similar software routine for key 
debounce. This is stored in its ROM. Another method for debouncing a 
switch is to use cross-coupled NAND gates. They latch on the first closure 
and any additional bouncing is ignored. Regardless of the method used, 
you must debounce any mechanical switch used for data entry. 

If you experiment with the sample rates in the program you entered, 
always be sure to change the data at addresses 0003 16 and 0100 through 
0110 16 to 00 16 before you execute the program. 

Procedure (continued) 

32. This completes this experiment. Switch the Trainer power off. 
Then remove all of the hookup wire and components from the two 
large connector blocks. 
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Experiment 6 

INTRODUCTION TO THE 

PERIPHERAL INTERFACE ADAPTER (PIA) 

OBJECTIVES: 



Show how to interface the MPU with the outside world using a PIA 



Demonstrate various ways the PIA can be initialized as an input, 
output, or input/output (I/O) device. 

Introduction 

As you have seen in the previous experiments, the need for latches and 
drivers to communicate with the MPU from the outside world can be- 
come quite burdensome. Then, once you have established a hardware 
interface circuit, you can not easily modify its function. However, the PIA 
can simplify your interface requirements in such a way that standardiza- 
tion is possible regardless of application. Therefore, you can easily de- 
velop interface systems compatible with your hardware and software 
needs. This is possible because most of the PIA performance charac- 
terises are software controlled. Thus, performance and design features 
can be modified with little difficulty. In this experiment, some of the 
PIA's characteristics will be examined. 

Material Required 

1 ET-3400 Microprocessor Trainer 

2 1000 ohm, 1/4-watt, 10% resistors 
1 7400 integrated circuit (443-1) 

1 74LS30 integrated circuit (443-732) 
1 74LS27 integrated circuit (443-800) 
1 6820 PIA integrated circuit (443-843) 



(6820). 



Hookup wire 



10-66 UNIT TEN 



Procedure 

1. Make sure the Trainer power is off. Then construct the circuit 
shown in Figure 10-55. Caution: The PIA is a MOS device and 
should be handled properly. 

2. Carefully reexamine the circuit you constructed. There should be a 
wire connected to each lead of the PIA. 
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Figure 10-55 
Circuit diagram for the first PIA experiment. 
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3. Switch the Trainer power on. Then enter the program listed in 
Figure 10-56. 

4. Set all of the binary data switches to their down (logic 0) position. 
Then execute the program. The display will go blank. 

5. Randomly set the data switches and observe the data LED's. Notice 
that the LED corresponding to each switch follows the logic level of 
the switch. 

6. Change the instruction at address 0017 16 to 43 16 . 

7. Execute the program and again randomly set the data switches. 
Notice that the data LED's now show the complement logic level of 
the switches. 

8. Refer to Figure 10-56 and briefly describe the "service routine" 
section of the program. 
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00001 








NAM 


PIA-EXP1 


REV* 0*2 


00002 








OPT 


NOP 




00003 








♦INITIALIZE PIA 




0000A 


0000 


86 


00 


LDA A 


100 


0=INPUT 


00005 


0002 


B7 


8000 


STA A 


$8000 


A SIDE NOW INPUT 


00006 


0005 


36 


04 


LDA A 


#04 


SET TO COMMUN, 


00007 


0007 


B7 


8001 


STA A 


$8001 




00008 


000A 


86 


FF 


LDA A 


**FF 


1 "OUTPUT 


00009 


OOOC 


B7 


8002 


STA A 


$8002 


B SIDE NOW OUTPUT 


00010 


0O0F 


36 


04 


LDA A 


*04 


SET TO COMMUN* 


00011 


0011 


B7 


8003 


STA A 


$8003 




00012 








♦SERVICE ROUTINE 




00013 


0014 


B6 


8000 


RESERV LDA A 


$8000 


GET DATA 


00014 


0017 


01 




NOP 






00015 


0018 


B7 


8002 


STA A 


$8002 


STORE TO OUTPUT 


00016 


00 IB 


20 


F7 


BRA 


RESERV 


DO IT AGAIN 


00017 








END 







Figure 10-56 
Program to initialize and use the PIA 
for data input and output. 
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Discussion 

By now you are quite familiar with address decoding. Therefore, the 
discussion will deal with the PIA. Figure 10-57 is a decoding chart for the 
circuit you wired to the Trainer. If during this discussion you don't fully 
understand a specific function of the PIA, refer to the PIA section in Unit 
8 and the PIA data sheet in Appendix B. 



A 13 Ajjj Ajj Ag A; Aj A3 Ao 

nioioioi unEB EEEE3 GEOEE 

8 0-7 O-F X 



Figure 10-57 
Decoding chart for the circuit in Figure 10-56. 



Three chip-select pins on the PIA provide for easy decoding. They help 
eliminate address decoding gates. In small systems where partial address 
decoding can be tolerated, these three pins may be all that is needed to 
access the device. Notice that the PIA responds to addresses 8000 16 
through 8003 16 . 

The reset pin clears the PIA registers and is normally used at system 
turn-on. Therefore, it is connected to the system reset line. 

The read/ write pin controls data flow direction in the PIA in a manner 
similar to the RAM. Thus, it is connected to the R/W line from the MPU. 

Interrupt request lines A and B can be wire OR'ed as in this experiment. 
Thus, each can transmit an MPU interrupt on the NMI or IRQ lines (in this 
experiment, the feature is not used). 

Control pins Al and Bl are inputs that are used to control the internal PIA 
interrupt flags. Control pins A2 and B2 can also serve as interrupt inputs 
or as peripheral control outputs. Since these features are not required for 
this experiment, each pin is pulled to a logic 1 to provide a termination 
and prevent undesired PIA interrupts. 

The enable pin controls data transfer between the PIA and MPU. Since 
MPU data transfer occurs during time 02, this pin is connected to Trainer 
02. 
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Data pins 0 through 7 are connected to the MPU data bus for device 
communication. 

Peripheral pins AO through A7 can be programmed as inputs or outputs. . 
In this experiment, they are programmed as inputs and are connected to 
the binary data switches. 

Peripheral pins BO through B7 can also be programmed as inputs or 
outputs. In this experiment, they are programmed as outputs and are 
connected to the data LED's. Normally, the B side is used as an output 
because of its extra drive capabilities. 

As you learned in Unit 8, the PIA must be initialized before it can function 
properly. This is accomplished through a software routine. Because 
initialization is accomplished by software, the PIA's operation can be 
modified at any time during the program. 

When the PIA receives a reset pulse, its six memory accessible registers 
are cleared. Thus, whenever the Trainer RESET key is pressed, the PIA is 
reset. Because of this, the PIA must be initialized after each reset. 

The program you entered (Figure 10-56) used the instructions in address- 
es 0000 through 0013 16 to initialize the PIA. This programs the A side of 
the PIA as an input. Then, 04 16 was loaded into control register A. This 
sets bit 2 of the control register high, which isolates the data direction 
register and accesses the output register. 

In a like manner, the B side of the PIA is set up as an output by loading 
FF 16 into the data direction register. Then the data direction register is 
isolated and the output register accessed by loading 04 16 into the control 
register. 

The remaining steps in the program comprise the service routine. The 
MPU reads data from the A side of the PIA and stores it to the B side. The 
"branch always" instruction holds the program in the service routine. 
Once the PIA is initialized, it will function as programmed until it is 
reset. 

When you changed the instruction at address 001 7 16 to 43 16 , you in- 
structed the MPU to complement the data in the A accumulator before 
storing the data. 
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The program listed in Figure 10-58 is the same as the program you used, 
with one exception; the index register is used in place of the A ac- 
cumulator for initializing the PIA. This reduced the number of program 
steps required. 

Procedure (continued) 

9. Do not disassemble the circuit you have wired to the Trainer. It will 
be used in the next experiment. Proceed to Experiment 7. 



00001 








NAM 


PIA-EXP2 


REV . 0.2 


00002 








OPT 


NOP 




00003 








*INITIALIZE 


PIA 




00004 


0000 


CE 


0004 


LDX 


*$0004 




00005 


0003 


FF 


8000 


srx 


$8000 




00006 


0006 


CE 


FF04 


LDX 


*$FF04 




00007 


000? 


FF 


8002 


STX 


$8002 




00008 








♦SERVICE ROUTINE 




00009 


OOOC 


B6 


8000 


RESEK'V LDA A 


$8000 


GET DATA 


00010 


000F 


01 




NOP 






00011 


0010 


B7 


8002 


STA A 


$8002 


STORE TO OUTPUT 


00012 


0013 


20 


F7 


BRA 


RESERV 


DO IT AGAIN 


00013 








END 







Figure 10-58 



Alternate program to initialize the PIA 
for data input/output. 
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Experiment 7 



AUDIO OUTPUT 



OBJECTIVES: 



Show how a transducer can be interfaced with an MPU. 

Provide an opportunity to write an output program that will supply 
the data to drive a speaker. 

Demonstrate how different audible tones can be generated. 



With the proper interface, microprocessors are capable of producing 
meaningful audio sounds. These signals are often useful as indicators 
when the operator cannot monitor the display and would like to know 
when an event has occured. 

Audible sounds can be produced in two ways. The first simply uses a 
buzzer that is activated by a change in output logic level, in the same 
manner as an LED. The second method actually drives an audio speaker. 
This experiment will use the second method to produce a variety of 
meaningful tones. 

Materials Required 

1 ET-3400 Microprocessor Trainer with PIA circuit wired to the large 
connector block 

2 100 ohm, 1/2-watt, 10% resistors 
1 100 fxF electrolytic capacitor 

1 Speaker 

Foam tape (from previous experiment) 
Solder (from Trainer kit) 
Hookup wire 
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Procedure 




Figure 10-59 
Speaker preparation. 



1. Cut two 14" hookup wires and remove 1/4" of insulation from the 
ends of each wire. Then twist the wires together, leaving about 2" 
untwisted at each end. 

2. Remove the speaker from its packing container. Then refer to Fi- 
gure 10-59 and solder the two wires at one end of the 14" twisted 
wire pair to the two speaker terminals. Disregard any polarity 
marks on the speaker. 

3. Cut a 3/4" x 3/4" piece of foam tape. Remove the paper backing from 
one side and press the tape onto the end of the magnet on the 
speaker. Then remove the paper backing from the other side of the 
tape and affix the speaker to the sloping back of the Trainer cabinet 
near the Power switch. Position the speaker lugs up away from the 
Trainer. 

4. Switch the Trainer power off. Remove the eight wires interconnect- 
ing the data LED's and PIA. Then remove the eight wires intercon- 
necting the binary data switches and PIA, 

5. Refer to Figure 10-60 and construct the circuit shown. Connect the 
speaker wires and the capacitor to the unused large connector 
block. (Additional components will be added later in the experi- 
ment.) The gate is part of IC3 in the original circuit. You can use pin 
7 of IC3 for speaker ground. Figure 10-61 shows the complete 
circuit wired to your Trainer. 



TO 
PIN 10 



PIA 




51 tC-3 
7400 



lOOuf 



SPEAKER 



Figure 10-60 
Speaker/PIA interface circuit. 
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DATA I/O 

I 



RE I □ □ □ | 



1Hz- 



VMA-02 
I 



LINE 



□ □ □ □ 

□ □ □ J 

J 




02 



TRAINER OATA 
INTERFACE BLOCKS 
O7D6O5O4 O3 O2D1 Dp 



NMI- 



•HATT 



TSC-i 



[□ □ C 



GND 



PBO 


D7 




• 




IC-L * 




6820 • 




• 




• 




• 




DO 


E 


csl 


CBl 




Frqb 


CB2 


IRQA 


CA1 




C A 2 


CS1 






RESET 




CSO 




RSI 




RSO 




R/W 



To] 

pjtJ Ltjuju 



28 



29 



19_ 



32 



33 



23 



37 



24 



34 



22 



35 



36 



21 



20[ 


14 




14 




14 




tc-i 




1 c 


-2 




1 C 


-3 




IC 


-4 


6820 




74LS30 




7400 




74LS27 


443- 
843 




443 - 

732 




443-1 




443 - 

800 



□ □ □ □ 



Au A l2 
A 15 A U 



r 



•R/W 



QQQQ 
IQQI 



RST 



A id 

A U A9A8 



a a □ □ 
■ a □ a 



A7A6A5A4 



□ □ □ □ 

□ □ a □ 



N.C. 
N.C. 
N.C. 



IC-2 
74LS30 



TRAINER 
AOORESS 
INTERFACE 
BLOCKS 



BA 



A3A2A1AQ 



□ □ □ a 
9 9 9 



Figure 10-61 
Circuit diagram for the audio output 
experiment. 
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6. Switch the Trainer power on. Load the program listed in Figure 
10-62. Begin at address 0003 16 (line 00008). Notice that a number of 
program steps have no data entry. Also, lines 00027 16 and 00052 16 
contain assembler equate statements and should be ignored. After 
you enter 20 16 at address 004B 16 , go to address 00F7 16 to enter 3B 16 . 

7. Press RESET, then install a hookup wire between LINE and IRQ. 
This wire is not shown in the circuit diagram. 

8. The program you entered is for a clock function. Addresses 0000, 
0001, and 0002 16 are reserved for the seconds, minutes, and hours 
of the clock respectively. Enter the desired time into these three 
addresses. 



9. Execute the program beginning at address 0003 16 . Each time the 
seconds count updates, you should hear a "tick" from the speaker. 



Discussion 

HARDWARE 

Gate IC3B supplies the current needed to drive the speaker, while the 100 
ptF capacitor protects the gate. If the program stopped during a logic high 
output, the speaker would act as a direct short to ground. The capacitor 
coupling prevents this possibility. A side benefit of the capacitor is the 
RC time constant it forms with the internal gate circuitry. The pulse 
width for logic 1 and logic 0 transitions is different, producing a "tick- 
tack" sound. 

SOFTWARE 

The clock program you entered is very similar to the clock program from 
Experiment 2. Two instructions were added to initialize the PI A (lines 
00008 and 00009). Also, a store instruction was added to the 60-second 
timer subroutine (line 00022). 

The store instruction outputs the seconds digit information to the PIA (B 
side) every time the digit increments. Since the D 0 data bit is the only bit 
that changes during each time update, only peripheral output PB0 (pin 
10) is needed to supply speaker data. 

If you have any questions concerning the clock program, refer to Experi- 
ment 2. 
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00001 








NAM 




CLOCK-3 


* REv 0*2 


00002 








**L.INE ACCURACY CLOCK 


PROGRAM 


00003 








OPT 




NOP 




00004 


0000 


0001 


SECOND RMB 




1 




00005 


000:1. 


0001 


MINUTE RMB 




1 




00006 


0002 


0001 


HOURS RMB 




1 




00007 








** PI A INITIALIZATION 




00008 


0003 


CE 


FF04 


LDX 




#$FF04 




00009 


0006 


FF 


8002 


STX 




$8002 




00010 








** INTERRUPT 


HANDLING 




00011 


0009 


CE 


003D 


TIMPAS LDX 




*$003D 


61 


00012 


OOOC 


09 




0NE60T DEX 






TIME 1 ILKINb Oh h 


00013 


000D 


27 


04 


BEG 




TIMEUP 


60 PULSES YET ? 


00014 


000F 


0E 




CLI 








00015 


0010 


3E 




WAI 






1 1 A T *T* T X I r* 

w A I l 1 N G 


00016 


0011 


20 


F9 


BRA 




0NE60T 


GO BACK & WAIT AbAIN! 


00017 








** I NCR ONE 


SECOND AND 


UPUAT E 


r"\ r\ A 1 O 

y u u l o 




C6 


60 


TIMEUP LDA 


B 


#$60 




j j0019 


0015 


on 




SEC 






ALWAYS INUREMENT SECONDS 


00020 


0016 


8D 


16 


BSR 




I NCR- 


INUREMENT SECONDS 


00021 


0018 


96 


00 


LDA 


A 


SECOND 




00022 


001 A 


B7 


8002 


STA 


A 


$8002 




00023 


00 ID 


8D 


OF 


BSR 




INCR 


INCREMENT MINUTES IF NEEDED 


00024 


00 IF 


C6 


13 


LDA 


B 


#$13 


TWELVE HOUR CLOCK 


00025 


0021 


8D 


0B 


BSR 




I NCR- 


INCREMENT HOURS 


00026 


0023 


BD 


FCBC 


JSR 




RED IS 


RESET DISPLAYS 


00027 




FCBC 


RED IS EQU 




$FCBC 




00028 


0026 


8D 


17 


BSR 




PRINT 




00029 


0028 


8D 


15 


BSR 




PRINT 




00030 


002A 


8D 


13 


BSR 




PRINT 


PRINT HOURS f MINUTES » SECONDS 


00031 


002C 


20 


DB 


BRA 




TIMPAS 


DO IT ALL AGAIN 


00032 








** I NCR - INCREMENT SUBROUTINE 


00033 


002E 


A6 


00 


I NCR LDA 


A 


0»X 


DATA WORD INTO A 


00034 


0030 


89 


00 


ADC 


A 


#0 


INCREMENT IF NECESSARY 


00035 


0032 


19 




DAA 






FIX TO DECIMAL 


00036 


0033 


11 




CBA 






TIME TO CLEAR? 


00037 


0034 


25 


01 


BCS 




INC1 


NO 


00038 


0036 


4F 




CLR 


A 






00039 


0037 


A7 


00 


INC1 STA 


A 


0»X 




00040 


003? 


08 




INX 








00041 


003A 


07 




TPA 








00042 


003B 


88 


01 


EOR 


A 


#1 


COMPLEMENT CARRY BIT 


00043 


003D 


06 




TAP 








00044 


003E 


39 




RTS 








00045 








** PRINT - 


PRINT HEX BYTES 


00046 


003F 


09 




PRINT DEX 






POINT X AT BYTE 


00047 


0040 


96 


02 


LDA 


A 


$02 


WHAT'S IN HOURS? 


00048 


0042 


26 


03 


BNE 




CONTIN 


IF NOT ZERO 


00049 


0044 


7C 


0002 


INC 




HOURS 


MAKE IT ONE 


00050 


0047 


A6 


00 


CONTIN LDA 


A 


0,X 




00051 


0049 


7E 


FE20 


JMP 




OUTBYT 




00052 




FE20 


OUTBYT EQU 




$FE20 


MONITOR ROUTINE 


00053 


00F7 






ORG 




$00F7 


Figure 10-62 


00054 


00F7 


3B 




RTI 






00055 








END 






Clock program with audible tick-tock. 
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Procedure (continued) 

10. Switch the Trainer power off. Then remove the wire interconnect- 
ing LINE and IRQ. Switch the Trainer power on. 

11. Write a program that will output the proper data to produce an 
audio tone from the speaker circuit. This program must: Initialize 
the PIA, alternately store l's and 0's to the speaker in order to 
produce a tone, and provide a delay loop between each storage, to 
determine the frequency of the tone. 

12. Execute the program. 



Discussion 

Figure 10-63 shows a program similar to the one you wrote. Notice that 
only two instructions were required to initialize the PIA. This is possible 
since only the B side will be used to output data. 

Remember from the previous program, it is only necessary to change the 
D 0 bit of the output data, since that is the only bit connected to the speaker 
circuit. Therefore, you can start with a random number in the A ac- 
cumulator (line 00007) and store the number to the PIA. After a short 
delay (lines 00008 thru 00010) the A accumulator is incremented (chang- 
ing the D 0 bit logic level) and again stored to the PIA. This incrementing 
and storing of accumulator A can continue indefinitely since the only 
data of interest is the D 0 bit. 
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00001 








NAM 


TONETEST 


REV . 0.2 


00002 








OPT 


NOP 




00003 








♦INITIALIZE PIA 




00004 


0000 


CE 


FF04 


LUX 


*$FF04 




00005 


0003 


FF 


3002 


STX 


*8002 




00006 








♦PRODUCE TONE 






00007 


0006 


B7 


8002 


ALTERN STA A 


$8002 


OUTPUT BIT 


00008 


0009 


C6 


55 


LDA B 


**55 


DETERMINES 


00009 


000B 


5A 




TONE DEC B 






00010 


OOOC 


26 


FD 


BNE 


TONE 




00011 


000E 


4C 




INC A 




COMP. BIT 


00012 


OOOF 


20 


F5 


BRA 


ALTERN 




00013 








END 







Figure 10-63 
Program to output a tone through the speaker. 



Procedure (continued) 

13. Enter the program listed in Figure 10-64. After you enter Fl 16 at 
address 0024 16 , go to address 0101 16 and enter the remaining data 
bits. Notice that the program covers two pages. This listing second 
page has been condensed to show only the assembled program line 
numbers, addresses, and data. The data in addresses 000D and 
OOOE controls the time of each note. The number in parentheses is 
for the fast clock. The number in addresses 0101 through OlBF 
determine the pitch, or frequency, of each note. Once more, the 
numbers in parentheses are for the fast clock. 



14. Execute the program beginning at address 0000 16 . Notice that after 
the program completes the song, there is a pause (of equal duration 
to the song) before the song repeats. 
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00001 














0107 


53 


(9D) 


00002 


0000 












0108 


42 


(7C) 


00003 


0000 


7F 


8003 


CLR 






0109 


53 


(9D) 


00004 


0003 


7C 


8002 


INC 




00023 


010A 


42 


(7C) 


00005 


0006 


73 


8003 


COM 






010B 


53 


(9D) 


00006 


0009 


8E 


0100 


LDS 






010C 


42 


(7C) 


00007 


OOOC 


CE 


05FF 


(OCFF) LDX 






010D 


37 


(69) 


00008 


000F 


33 




PUL 


B 




010E 


42 


(7C) 


00009 


0010 


5D 




TST 


B 




010F 


37 


(69) 


00010 


0011 


27 


ED 


BEQ 






0110 


42 


(7C) 


00011 


0013 


F7 


0100 


STA 


B 




0111 


37 


(69) 


00012 


0016 


4C 




INC 


A 




0112 


42 


(7C) 


00013 


0017 


F6 


0100 


LDA 


B 


00024 


0113 


37 


(69) 


00014 


00 1A 


09 




DEX 






0114 


42 


(7C) 


00015 


00 IB 


27 


EF 


BEQ 




00025 


0115 


22 


(41) 


00016 


00 ID 


5A 




DEC 


B 




0116 


2B 


(52) 


00017 


001E 


26 


FA 


BNE 






0117 


22 


(41) 


00018 


0020 


B7 


8002 


STA 


A 




0118 


2B 


(52) 


00019 


0023 


20 


Fl 


BRA 






0119 


20 


(3D) 


00020 


0100 






ORG 






011A 


29 


(4D) 


00021 


0100 


0001 








011B 


20 


(3D) 


00022 


0101 


53 


(9D) 








one 


29 


(4D) 




0102 


42 


(7C) 






00026 


011D 


20 


(3D) 




0103 


53 


(9D) 








011E 


29 


(4D) 




0104 


42 


(7C) 








011F 


20 


(3D) 




0105 


53 


(9D) 








0120 


29 


(4D) 




0106 


42 


(7C) 








0121 


20 


(3D) 



Figure 10-64 
Music program (Part 1 of 2). 
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Figure 10-64 
Music program (Part 2 of 2). 
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Discussion 

The program you entered occupies memory locations 0000 through 
0024 16 . The remaining data represents the notes in the music. It was 
structured in this manner so that you could experiment with different 
songs. Figure 10-65 illustrates the various notes the program can pro- 
duce, on the outline of an organ keyboard. Each note is listed with its 
actual fundamental frequency below the note letter. The number below 
the frequency is the hex number that will produce that approximate 
frequency. The number in parentheses is the one to use if your Trainer has 
been modified and has a fast clock. The notes your Trainer will produce 
depends on the MPU clock frequency. Even with the crystal-controlled 
clock in the modified Trainer, it is not possible to reproduce the exact 
frequency of the notes. 



Although the music program is basically simple, there are a few unique 
features that should be examined. The first instruction clears control 
register B of the PIA. Naturally, this occurs prior to program execution. 
However, it will be necessary to modify the contents of data direction 
register B prior to each program cycle. Thus, bit two in the control register 
is cleared. 



The second instruction turns bit PB0 on or off for each program cycle. 
Incrementing the data direction register will be of more value in the next 
section of this experiment. 

Instruction four (LDS) tells the MPU that the data stored at 0101 thru 
01BF 16 now resides in the stack. However, the pointer contains address 
0100 16 . This is necessary, since each "pull" instruction adds "1" to the 
pointer prior to execution. 

The last note in the stack is 00 16 . This is used to indicate "end of music." 
Since a pull instruction does not affect any of the MPU condition codes, it 
is necessary to test for zero with instruction seven (TST B). 
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Figure 10-65 
Music notes reproduced by the pro- 
gram in Figure 10-64. 



Interfacing Experiments 10- 



The remaining program steps contain two timing loops. The first, starting 
at line 00007 sets the music tempo. The second, starting at line 00008 
produces the notes. 

NOTE: If you wish to listen to your ROM, enter FC 16 at 000A 16 , and 01 16 at 
0010 16 . It is necessary to remove the TST B instruction, since ROM 
contains a number of 00 16 data bytes. Now, the program will continue 
until you press RESET. 

Procedure (continued) 

15. If you modified the music program (addresses 0000 through 
0024 16 ), refer to Figure 10-64 and reenter the program. Its not 
necessary to reenter the same music notes if you have not modified 
them. 

16. Refer to Figure 10-66 and modify your speaker circuit. Notice that a 
resistor is placed between gate IC3B and the speaker. Also, an 
additional gate (from IC3) and resistor interface pin 11 of the PIA 
with the speaker. 

17. Execute the music program. This time, the music plays three times 
before there is a pause. The first repeat is an octave lower, and the 
second repeat simultaneously plays the original and octave lower 
music. 

Discussion 

The gate connected to pin 11 of the PIA (data bit PB1) allows an addi- 
tional output interface to the speaker. The two resistors reduce circuit 
loading so the outputs of the two gates can be combined at the coupling 
capacitor. However, the resistors also reduce the signal level and as a 
result, speaker volume. 

The music program is unchanged from the previous section. However, 
you are now using two additional features in the program that previously 
were not required or apparent. The first concerns the PIA. Each time the 
program repeats, the data direction register bits are incremented. This 
meant the PB0 bit cycled the music on and off. Now that two output pins 
are wired to the circuit, a new pattern develops. First, pin PB0 is active. 
Then pin PBl is active. Next, both pins are active. Finally both pins are 
inactive. Thereafter, the cycle repeats. 
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Figure 10-66 
Modification to the speaker circuit. 
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That cyclic pattern accounts for two (apparent) channels of music. But, 
why does one channel sound like it is one octave lower in frequency? 

At the end of each "note" timing loop, the A accumulator is stored, and 
then incremented. Thus, the speaker is driven by a cyclic logic level 
transition of the D 0 data bit. However, every two level transitions in the D 0 
bit causes a single level transition in the Dj bit. Figure 10-67 illustrates 
the process. Since bit D 0 is coupled to PIA bit PBO, and bit Dx is coupled to 
PIA bit PBl, you effectively have identical music material generated at 
two different octave levels. 

If you have a stereo sound system, you can connect the music output of 
each gate (through a 100 ohm resistor) to the AUX input of your amplifier. 
The sound reproduction will be better than that produced by your 
Trainer. 

This completes this experiment. Leave the circuit intact for the next 
experiment. 
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Figure 10-67 
Music material coupled to the PIA. 
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Experiment 8 

KEY MATRIX AND 
PARALLEL-TO-SERIAL CONVERSION 



OBJECTIVES: 



Demonstrate a method for using any combination ofPIA I/O ports as 
inputs or outputs. 

Show how a matrix-type keyboard decoder system works, and how 
it can be constructed. 

Demonstrate parallel-to-serial conversion using the PIA. 
Demonstrate a method for converting a hex digit to ASCII. 
Show how a "one-shot" monostable works t using software. 
Show how to add the parity bit to a serial word, using software. 

Introduction 

You are quite familiar with the PIA by now. In this experiment, you will 
demonstrate its versatility as an I/O device. In addition to using one 
peripheral port as both an input and output bus, you will see how a 
parallel data transfer device can be used to communicate in "serial." 
Since a great amount of serial data uses ASCII, this experiment will use 
the ASCII format. 

Material Required 

1 ET-3400 Microprocessor Trainer with PIA circuit wired to the large 
connector block 

2 1000 ohm, 1/4-watt, 10% resistors 
1 Pushbutton switch #1 

1 Pushbutton switch #2 
1 Pushbutton switch #3 



1 Pushbutton switch #4 
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PIA 



Figure 10-68 
Matrix switch circuit. 
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Procedure 
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In this part of the experiment, you will see how the PIA interfaces 
with a switch matrix. Switch the Trainer power off. Then remove 
the 100 fiF capacitor, two 100 ohm resistors, speaker and the wires 
associated with those parts. 
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Figure 10-69 
Circuit diagram for the switch matrix 
decoding circuit. 
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2. Refer to Figure 10-68 and add the circuit shown to the PI A circuit 
Figure 10-69 shows the complete circuit wired to your Trainer. 

3. Refer to Figure 10-70 and enter the program listed. Do not attempt 
to enter data at address 003E l6 . This will serve as a temporary 
storage register. 

4. Execute the program. The display will go blank, except for the 
decimal point in digit H. 



5. Randomly press the matrix circuit pushbuttons, individually and 
in combination, and observe display H. 
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Discussion 

Refer to Figure 10-68. Notice that each pushbutton switch occupies a 
unique row and column electrically. Referring to the switch contacts, 
each "column" line is held at a logic 1 through a 1000 ohm resistor. Each 
"row" line is held at a logic 1 by the output of a NAND gate. In this circuit, 
the gates serve as inverter/ drivers. 

Assume that you close switch 2. In searching for the closed switch, the 
program first places a logic 0 on row 1 and then examines column 1 and 
column 2. Since both columns are still at a logic 1, row 1 is returned to 
logic 1, and row 2 is pulled to a logic 0. Again columns 1 and 2 are 
examined. This time, column 2 is found to be low, indicating that switch 
2 is closed. 

Refer to the program in Figure 10-70. Data direction register B is loaded 
with a bit pattern (0F 16 ) that sets pins PB0 and PB1 as outputs, and pins 
PB6 and PB7 as inputs. Although the other pins are set, they are not used 
in this experiment. Bit pattern 04 16 then sets bit 2 of the control register 
high for access to the peripheral B interface. 

A jump to monitor routine REDIS stores the address of display H in a 
temporary location in memory. This address will be used by other 
monitor routines to output data to display H. 

The next three instructions provide a short time delay to help prevent 
character "ghosting. 99 Some ghosting may be noticed in subdued light, 
due to the "rewriting" techniques used in this program. 

Since four pushbutton switches (keys) are used in this experiment, deci- 
mal 4 is stored at temporary register 0041 16 . This number or a de- 
cremented value of this number will be displayed when a switch closure 
is recognized. 

The row search begins by storing 01 16 to the PIA. This pulls the output of 
IC3B low (row 1). Then the PIA B side bus data is loaded into the B 
accumulator, and bit D 7 is tested for a 0. Assuming switch 2 was pressed, 
bit D 7 will test as a 1. The B accumulator is rotated left so that bit D 6 can be 
tested at the D 7 position. Since it also indicates 1, switches 3 and 4 have 
tested open. 

Key number 4 in the temporary register (0041 16 ) is decremented twice 
prior to testing switches 1 and 2. Data stored at the PIA is shifted left. This 
pulls row 2 low. 
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The row search begins again at line 00021. When column 2 is tested, it is 
discovered that switch 2 is closed. The program branches to address 
0033 16 , and the A accumulator is loaded with the key number (2) from the 
temporary register. The monitor routine, OUTHEX, writes the number 2 
into display H, and branches back to address 0006 16 where the program 
begins again. 

If all of the keys test open during row search, the program will branch to 
OUT, where a monitor routine lights the decimal point in display H and 
blanks all of the other displays. Then, the program branches back to 
address 0006 16 and begins again. 

You may have noticed that as you press more than one switch, the first 
switch tested will have priority. This occurs in a 3, 4, 1, 2 sequence. 

Up to 16 switches can be tested with this program. By using both the A 
and B sides of the PIA, up to 64 switches can be tested. This can represent 
a big savings in peripheral interface logic. 

Procedure (continued) 

6. Switch the Trainer power off. Then remove the four switches, their 
two 1000 ohm resistors, and their associated wires. This includes 
the wires at pins 10 and 11 of the PIA. 

7. Add the circuit shown in Figure 10-71 to the PIA circuit wired to 
your Trainer. < 
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Figure 10-71 

Display interface for serial data transfer. 
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8. Switch Trainer power on. Then enter the program listed in Figure 
10-72. Do not attempt to enter data at address 0048 16 . This address 
will serve as a temporary storage register. 

When this program is executed, data LED7 will flash on and off at 
approximately a 1 Hz rate. The 1 Hz signal will be used as a 
program timing signal through PIA pin PAO. The flashing LED will 
serve as a visual timing reference. 
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Fl 


0048 




CMP B 


TEMP 


IS IT LIKE TEMP? 


00040 


0040 


27 


F7 




BEQ 


DELAY 


IF SO, GET ANOTHER SAMPLE 


00041 


0042 


73 


0048 




COM 


TEMP 


IF NOT t COMP TEMP 


00042 


0045 


2B 


F2 




BMI 


DELAY 


IF TEMP = FF, STAY IN LOOP 


00043 


0047 


39 






RTS 






00044 


0048 


0001 


TEMP 


RMB 


1 


Figure 10-72 


00045 










END 




Program to input serial data. 




Interfacing Experiments 



10-89 



Execute the program. Data LEDO will light to indicate the program 
is running. 



Discussion 

Until now, you have observed data words being displayed in a parallel 
manner only. That is, all of the bits contained in the data word or byte 
were displayed simultaneously. You will now display a data word se- 
rially. In the serial mode, data bits are displayed one after the other. For 
this experiment, the bits-per-second or baud rate will be very slow so that 
you will be able to recognize each data bit. Baud is defined as one bit per 
second. 

When you return to the experiment, you will use the Trainer keyboard to 
enter a hex number. The number will be converted to its binary form and 
transferred to data LED 0 one bit at a time. However, what you will see is 
not a 4-bit word, but rather an 11-bit word. 

When serial data is transferred, it must fulfill certain format conventions. 
These include a start bit, to indicate the beginning of a word; the informa- 
tion being transferred; and a stop bit, to indicate the end of a word. 
Depending on the instrument sending data, and the baud rate, the data 
word can have one start bit, six, seven, or eight data bits, zero or one parity 
bit (often considered one of the data bits) and one or two stop bits. 

The word format used in this experiment uses one start bit, eight data bits, 
and two stop bits. Figure 10-73 illustrates the serial word for hex 5. For 
added clarity, the timing signal for data LED7 is included. Notice that the 
actual data is transferred, beginning with the LSB. Also, only the first four 
data bits (plus the start bit) are of interest, since you are only transferring a 
single hex digit. Later in the experiment, the remaining four data bits will 
be used. 



""'■WUTJIJIIW 
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Figure 10-73 
Serial data word format for the number 5 
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Procedure (continued) 

10. All timing is referenced to data LED7. Serial data is transferred 
through data LEDO. When you are instructed to press a Trainer key, 
momentarily press the key while LED7 is off. It will take a little 
practice to be able to identify the data being transferred. Refer to 
Figure 10-73; it shows the data word you will observe when you 
press the 5 key. Press the 5 key and observe data LED's 0 and 7. Do it 
a number of times so that you can recognize each bit in the serial 
word. 

11. Press a number of different Trainer keys and observe each serial 
word. You may find it helpful to illustrate each word, so you know 
what to expect. 



Discussion 

Data direction register A is set so all of the pins of peripheral bus A are 
outputs, except for pin PAO. Thus, it will not be necessary to electrically 
tie the unused pins to a logic 1. Data direction register B is set so all of the 
pins of peripheral bus B are outputs. Then, temporary register 0048 16 is 
cleared. 

Since output register B contains logic O's from PIA reset, the contents of 
the register are complemented. This turns data LEDO on, its waiting 
condition. Everything is now prepared, and the main program can begin. 

The program immediately jumps to monitor routine INCH and waits for 
an input from the Trainer keyboard. When a key is pressed, PIA pin PBO is 
cleared, generating a start bit. The delay used to set the bit time will be 
described at the end of the program. 

After the start bit delay, the key number, now residing in accumulator A, 
is stored in output register B. Data LEDO immediately displays the LSB of 
the number. Then accumulator A is loaded with the number representing 
the number of times output register B must be rotated right in order to 
display each data bit in data LEDO. The data in output register B is rotated 
through pin PBO with a time delay after each rotate. 

Once all eight data bits have been stored, 01 16 is stored to output register B 
from the A accumulator. This forces LEDO on, indicating the first stop bit. 
After two time delays, for the two stop bits, the program branches back to 
monitor routine INCH and waits for a new key closure. 
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The delay subroutine uses the 1 Hz clock for timing. This is why the serial 
data transfer coincides with the lighting of data LED7. 

At the beginning of the delay routine, PIA peripheral interface A is 
examined. Pin PAO should be logic 0 if you pressed the Trainer key while 
LED7 was off (logic 0). Therefore, 00 16 is stored in the B accumulator. (01 16 
would be stored if LED7 was on.) 

The data in the B accumulator is negated and then compared with the 
temporary register (0048 16 ). Since both registers are equal, the program 
loops back and examines pin PAO again. This cycle continues until pin 
PAO goes to a logic 1. Accumulator B is loaded with 01 16 . The data is 
negated to produce FF 16 . 

Since the B accumulator and temporary register are no longer equal, the 
temporary register is complemented. This changes its contents to FF 16 , 
which represents a negative number to the MPU. Because the temporary 
register contains a negative number, the program branches back to the 
beginning of the delay routine. 

Pin PAO is again repeatedly examined for a logic level change from 1 to 0. 
When this level transition occurs, the program returns the temporary 
register to its orginal 00 16 condition, and then returns the program 
counter to the main program. Thus, you have effectively generated a 
software one-shot monostable with a time period determined by the 1 Hz 
signal. 

Procedure (continued) 

12. Enter the program listed in Figure 10-74. Notice that the program 
begins at address 0050 16 . 



00001 








NAM 


ASCICONV 


REV 0.1 


00002 








OPT 


NOP 




00003 


0050 






ORG 


$50 




00004 








KCONVERTS HEX 


TO ASCII 




00005 


0050 


8A 


30 


ORA A 


**30 


ASC NO. START WITH 3 


00006 


0052 


81 


39 


CMP A 


♦ *39 


IS IT A NUMBER? 


00007 


0054 


23 


04 


BLS 


DONE 


IF SO* DONE 


00008 


0056 


80 


09 


SUB A 


♦$09 


*LETTES START AT 1 


00009 


0058 


SB 


10 


ADD A 


*$10 


*AND BEGIN WITH 4 


00010 


005A 


39 




DONE RTS 






00011 








END 







Figure 10-74 
Program to modify serial program for 
ASCII word format. 
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13. Now return to address 0015 16 and enter 8D 16 . Then enter 39 16 at 
address 0016 16 . 

14. Execute the program beginning at address 0000 16 . This is the be- 
ginning of the serial output program. 

15. A hex to ASCII conversion subroutine has been added to the serial 
output program. Refer to Figure 10-75. Notice that the ASCII rep- 
resentation for hex 5 is 35 16 . Press the Trainer's 5 key and watch 
data LEDO. Be sure to press the key while data LED7 is off. The 
serial data format remains unchanged, with one start bit, eight data 
bits, and two stop bits. 

16. Press a number of Trainer keys, and observe the serial transfer for 
each key. 





COLUMN | 0 


1 


2 


3 


4 


5 


6 


7 




















ROW 




BITS 765 £ 
4321 


> 000 


001 


010 


011 


100 


101 


110 


111 


0 


0000 


NUL 


DLE 


SP 


0 


@ 


P 


\ 


P 


1 




0001 


SOH 


DC1 


! 


1 


A 


Q 


a 


q 


2 




0010 


STX 


DC2 




2 


B 


R 


b 


r 


3 




0011 


ETX 


DC3 


# 


3 


C 


S 


c 


s 


4 


0100 


EOT 


0C4 


S 


4 


0 


T 


d 


t 


5 




0101 


ENQ 


NAK 


% 


5 


£ 


U 


e 


u 


6 




0110 


ACK 


SYN 


4 


6 


F 


V 


f 


V 


7 




0111 


BEL 


ETB 




7 


G 


w 


9 


w 


8 




1000 


BS 


CAN 


( 


8 


H 


X 


h 


K 


9 




1001 


HT 


EM 


) 


9 


I 


Y 




y 


10 


1010 


LF 


SUB 






J 


z 


I 


2 


11 




1011 


VT 


ESC 






K 


I 


k 




12 


1100 


FF 


FS 




< 


L 


\ 


I 


l 


13 


1101 


CR 


GS 






M 


I 


m 


t 


14 


1110 


SO 


RS 




> 


N 




n 




15 


1111 


SI 


US 


r 




O 




0 


DEL 



Figure 10-75 
Table of 7-bit American Standard Code 
for Information Interchange. 
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Discussion 

Remember that the Trainer outputs the hex value in binary when a 
number is pressed. Therefore, when the 5 key is pressed, 05 i6 will be 
loaded into the A accumulator, in the serial output program. Then the 
program will branch to the ASCII conversion routine. This is caused by 
the branch instruction in address 0015 16 and the relative address for the 
branch in address 0016 16 . 

The first instruction in the conversion routine OR's 05 16 with 30 16 to 
produce 35 16 . The next instruction compares 35 16 with 39 16 . If the first 
value is smaller (which it is) or equal to 39 16 , a valid ASCII number is 
present in the A accumulator, and the program counter is sent back to the 
main program. 

If a valid number is not present, 09 16 is subtracted from the value in the A 
accumulator. Assume that the C key was pressed. Then the number stored 
in the A accumulator is 0C 16 . When OR'ed with 30 16 , it equals 3C 16 . 
Remember that a compare instruction does not alter the contents of the 
accumulator. Therefore, when 09 16 is subtracted from the contents of the 
A accumulator, the result is 3C 16 -09 16 =33 16 . Finally, 10 16 is added to the 
contents of the A accumulator, resulting in the value 43 16 . Notice in 
Figure 10-75 that 43 lfi equals C in ASCII code. Again the program counter 
returns to the main program. 

Procedure (continued) 

17. Enter the program listed in Figure 10-76. Notice that this program 
begins at address 0060 16 . Stop after you enter 39 16 at address 0075 16 . 
Address 0076 16 is used as a temporary register. 



00001 










NAM 




ADDPARIT 


REV 0.1 


00002 










OPT 




NOP 




00003 


0060 








ORG 




$60 




00004 








♦ADD PARITY BIT 




00005 


0060 


7F 


0076 


PARITY 


CLR 




PARIT1 


START FRESH 


00006 


0063 


C6 


09 




LDA 


B 


*$09 


TIMES TO SHIFT 


00007 


0065 


49 




BITCNT 


ROL 


A 




SHIFT ONCE 


00008 


0066 


24 


03 




BCC 




NOINCR 


SKIP I NCR. 


00009 


0068 


7C 


0076 




INC 




PARIT1 


COUNT LOGIC 1 BITS 


00010 


006B 


5A 




NOINCR 


DEC 


B 




COUNT OFF TOTAL BITS 


00011 


006C 


26 


F7 




BNE 




BITCNT 


ALL CHECKED YET? 


00012 


006E 


76 


0076 




ROR 




PARIT1 


CHECK LSB OF PARIT1 


00013 


0071 


24 


02 




BCC 




FINIS 


WAS IT ODD? 


00014 


0073 


8A 


80 




OR A 


A 


#*80 


IF SO, SET PARITY BIT 


00015 


0075 


39 




FINIS 


RTS 






Figure 10-76 


00016 


0076 


0001 


PARI 71 


RMB 




1 


00017 










END 




Subroutine to add parity bit to serial 



output program. 
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18. Now return to address 0017 16 and enter 8D 16 . Then enter 47 16 at 
address 0018 16 . 

19. Execute the program beginning at address 0000 16 . This is the be- 
ginning of the serial output program. 

Discussion 

Remember from Unit 1 that a parity bit is added to a serial word as a data 
transfer check. It indicates whether the sum of logic l's in the data portion 
of the word are odd or even. Thus, if you desire an even parity check, the 
sum of the parity bit and all of the other data bits must equal an even 
number. Odd parity requires that all of the data bits plus the parity bit 
equal an odd number. 

For example, the ASCII code for the number 5 is 35 16 . Since 35 16 equals 
0011 010 1 2 , the parity bit would be 0 for even parity and 1 for odd parity. 

The parity bit occupies the eighth data bit position in the 8-bit data word. 
The first seven data bits contain the ASCII code. 

Procedure (continued) 

19. Determine the serial data word for hex 5. Then press the 5 key and 
observe LED0. Notice that the parity bit is 0 since the parity routine 
is configured for even parity. 

20. Press a number of Trainer keys, and observe the serial transfer for 
each key. 

21. Change the program data address 0071 16 to 25 16 . then press a 
number of Trainer keys, and observe the serial transfer for each key. 
The parity routine is now configured for odd parity. 

Discussion 

After the hex number is converted to ASCII code, the program branches 
from address 0017 16 to the "even" parity routine. This routine determines 
if a 1 or 0 will be placed in the eighth data bit to provide an even parity 
indication. 

To begin, the temporary register at address 0076 16 is cleared. This register 
will store the count of the number of logic 1 bits found in the data word. 
Accumulator B is loaded with 09 16 , which will be decremented to 
monitor the bit count routine. 
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Accumulator A is rotated left and the carry bit is checked. If the carry is 
set, the temporary register is incremented; then the B accumulator is 
decremented. If the carry is clear, the B accumulator is immediately 
decremented. Since the B accumulator is not zero yet, the program loops 
back, and the process continues. 

Notice that the A accumulator is rotated nine times. This is necessary 
since there are actually nine data bits including the carry bit, and the 
contents of this accumulator will be used by the main program. The carry 
bit will not affect the logic 1 bit count, since it was cleared by instruction 



After all of the bits in the A accumulator have been examined, and all l's 
stored in the temporary register, the temporary register is rotated right. 
This places bit D 0 in the carry bit position, the carry bit is then examined. 
If it was clear, the program counter returns to the main program; the 
ASCII code contains an even number of l's, and does not require modifi- 
cation. If the carry bit was set, accumulator A is OR'ed with 80 16 , which 
places a 1 in the eighth (MSB) bit of the ASCII code. This makes the total 
number of l's even in count. The program counter then returns to the 
main program. 

To convert the parity bit routine to odd parity recognition, the code at 
address 0071 16 is changed to 25 16 . This causes a branch if the carry is set. 

Procedure (continued) 

22. Pull the circuit timing wire from the 1 Hz socket and connect it to 
the LINE socket. 

23. Press a number of Trainer keys and observe the serial transfer at 
data LEDO. 

Discussion 

When you press each Trainer key, you can see data LEDO flash on and off 
at a rapid rate. This is because the baud rate is now equal to the line 
frequency. Although the transfer rate appears to be quite fast, it is consi- 
dered very slow for computer work. Typical speeds for a teletypewriter 
are almost twice as fast as the line frequency. Speeds as high as 96.2 
kilobaud are quite common. 



7F 



16- 



Procedure (continued) 



24. Do not disturb the circuit wired to your Trainer. It will be used in 
the next experiment. Proceed to Experiment 9. 



10-96 



UNIT TEN 



HEATHKIT 

CONTINUING 
EDUCATION 



Experiment 9 

DIGITAL-TO- ANALOG AND 
ANALOG-TO-DIGITAL CONVERSION 

OBJECTIVES; 

Show how to connect a digital-to-analog converter (DAC) to a mi- 
croprocessor system. 

Demonstrate how a DAC converts digital information into an analog 
equivalent 

Demonstrate a number of programs that will produce variable 
analog signal levels from a DAC. 

Show how to convert a DAC into an analog-to-digital converter with 
a voltage comparator. 

Demonstrate a program that implements the analog-to-digital con- 
version. 

Introduction 

When analog input and output capabilities are added to a microproces- 
sor, its power can be greatly expanded. Basically, the microprocessor is a 
digital device that is ideal for control of discrete input/output levels. 
However, many analog signals can also be processed with a minimum of 
additional hardware. With this addition, such devices as temperature 
sensors and photo cells can be monitored, and analog signals can be 
coupled to various peripherals such as oscilloscopes and audio 
amplifiers. 

In this experiment, you will learn how to use the digital-to-analog con- 
verter (DAC) for outputting an analog signal. You will also learn how to 
translate an analog signal into its equivalent digital value using the same 
DAC. 
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Material Required 

1 ET-3400 Microprocessor Trainer with the PIA circuit wired to its large 
connector block 

3 1000 ohm, 1/4-watt, 10% resistors 

1 2000 ohm, 1/2-watt, 5% resistor 

2 2700 ohm, 1/2-watt, 5% resistors 
2 10k ohm, 1/2-watt, 5% resistors 

1 1M ohm, 1/2-watt, 5% resistor 

2 1000 ohm controls 

1 47 pF ceramic capacitor 

3 100 pF ceramic capacitors 
1 1N4149 diode (56-56) 

1 5.6-volt zener diode (56-616) 
1 741 op amp integrated circuit (442-22) 
1 301 op amp integrated circuit (442-39) 
1 MC1406 DAC integrated circuit (443-842) 

1 VOM, VTVM, or DVM with input impedance greater than 100 k ohm 
(11 M ohm desirable) 

1 Oscilloscope (optional) 
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Procedure 

1. Switch the Trainer power off. Then remove the wires interconnect- 
ing LINE and data LED 7, data LED7 and PIA pin 2, and data LEDO 
and PIA pin 10. The remaining PIA circuitry will be used in this 
experiment. 

2. Refer to Figure 10-77 and construct the circuit shown, on the large 
connector block affixed to the Trainer cabinet. Be careful when you 
insert l/2-watt resistor leads. It is easy to push a connector strip out 
of the bottom of the block. The 1000 ohm control leads will fit into 
the connector block if you straighten them out and then insert the 
control at a slight angle. You can also solder a short wire to each 
control lead. Figure 10-78 shows the complete PIA circuit with the 
DAC circuit added. 




Figure 10-77 
DAC circuit added to the PIA interface 
circuit. 
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R5 
2000 
1/2-W 




R4 

2700 : 
1/2-wf 



+ 5 



GND 

jooo»f - 




12 





6 


14 


IC-5 


7 


13 


MCU06 


8 12 


443-842 


9 


11 




10 


10 



20 J 




14 


u| 


IC-1 




IC-2 




IC-3 




IC-4 


6820 




74LS30 




7400 




74LS27 
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..122- 




443-1 




443- 
800 



Figure 10-78 
Circuit diagram for the digital-to- 
analog conversion circuit. 
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3. Switch the Trainer power on. Then enter the program listed in 
figure 10-79. Notice that the program begins at address 0100 16 . 

4. Execute the program. Then, using the Trainer keyboard, press the 3 . 
key and then the F key. 

5. Set your voltmeter to measure 5 volts DC. Then connect the com- 
mon lead to circuit ground, and the input lead to pin 6 of IC6 
(analog output). You should measure approximately 0 volts DC. 

6. Press 00 with the keyboard. Then adjust control R6 for a 5-volt 
output level. If you can not obtain a 5-volt level: switch the Trainer 
power off, change the value of resistor R5 from 2000 ohms to 1000 
ohms, and then switch the Trainer power on again. 



7. Press 20. What is the voltage level? 

8. Press 30. What is the voltage level? 

9. Press 10. What is the voltage level? 



00001 








NAM 


LINOUT 


00002 








OPT 


NOP 


00003 




FCBC 


REBIS 


EQU 


$FCBC 


00004 




FE09 


IHB 


EQU 


*FE09 


00005 


0100 






ORG 


$0100 


00006 






^CALIBRATION 


PROGRAM 


00007 


0100 


CE FF04 




LBX 


#*FF04 


00008 


0103 


FF 8002 




STX 


$8002 


00009 


0106 


BD FCBC 


NEW IN 


JSR 


RED IS 


00010 


0109 


BB FE09 




JSR 


IHB 


00011 


010C 


B7 8002 




STA A 


$8002 


00012 


010F 


20 F5 




BRA 


NEW IN 


00013 








END 





REV* 0*1 



B SIDE IS OUT 



Figure 10-79 
Program to convert digital values to 
their analog equivalent. 
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Discussion 

The DAC converts a binary word into a proportional output current. This 
particular DAC is a 6-bit device. That means it can accomodate a 6-bit 
binary word. Therefore, the two most significant data bits from the PIA 
are not used. 

This DAC requires a complemented input, that is, maximum current out 
occurs when the PIA output is 00 16 . Minimum current occurs when all of 
the data lines are at a logic 1 level. This equals 3F 16 (data bits PB6, PB7 not 
used). 

Op amp IC6 (301) functions as a current-to-voltage converter. Feedback 
through resistor R5 and control R6 determines the gain of the op amp. 

Since the DAC accomodates a 6-bit binary word, it is possible to have a 
conversion resolution of 2 6 or 64 discrete current levels. With IC6 cal- 
ibrated for a voltage swing between 0 and 5 volts, each binary unit equals 
approximately 0.08 volts DC. Therefore, the approximate voltage levels 
you should have observed in steps 7, 8, and 9 are: 

20 16 = 2.44 VDC 

30 16 = 1.16 VDC 

10 16 = 3.72 VDC 



Refer to the program shown in Figure 10-79. The first two instructions set 
up the PIA so the B side operates as an output. REDIS then points to 
display H for data display. A second monitor routine, IHB, couples key 
closure data to the display, and also loads the data into the A ac- 
cumulator. Two key entries are required to complete the monitor routine. 
The data is then stored to the PIA. Since only the first six data bits are used 
by the DAC, 00, 40, and C0 lfi will convert to the same analog levels. 
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Switch the Trainer power off. Then refer to Figure 10-80 and 
interconnect the PIA and the binary data switches. 

Switch the Trainer power on. Then enter the program listed in 
Figure 10-81. Notice that the program begins at address 0120 16 . 

Execute the program located at address 0120 16 . Then set the binary 
data switches for 1F 16 . The voltmeter should indicate a slowly 
decreasing voltage that cyclically ramps from 5 volts to 0 volts. 

The rate of voltage change is determined by the binary data 
switches. If you have an oscilloscope, connect its input to pin 6 of 
IC6 and circuit ground. Now change the binary data switches to 
00 16 . You should observe a descending voltage ramp. 

Discussion 

The voltage ramp in this program is a composite of 64 discrete voltage 
steps. Each step represents a binary value. Therefore, an 8-bit DAC would 
have produced a ramp with 256 discrete steps, while a 4-bit DAC would 
contain only 16 steps. 



00001 










NAM 




QUTRAMP1 


REV « 0,1 


00002 










OPT 




NOP 




00003 


0120 








ORG 




$0120 




00004 


0.120 


CE 


0004 




LDX 




I $0004 




00005 


0123 


FF 


SOOO 




SIX 




$8000 


A SIDE IN - 


00006 


0126 


CE 


FF04 




LUX 




*$FF04 




00007 


012? 


FF 


8002 




STX 




$8002 


B SIDE OUT 


00008 


012C 


4F 






CLR 


A 






00009 


01 2D 


B7 


S002 


NXTRMP 


ST A 


A 


$8002 




00010 


0130 


FE 


SOOO 




LDX 




$8000 


TIME TO WAIT 


00011 


0133 


4C 






INC 


A 




I NCR RAMP STEP 


00012 


0134 


09 




STHOLD 


DEX 








000.13 


0135 


26 


FD 




BNE 




STHOLD 




00014 


0137 


20 


F4 




BRA 




NXTRMP 




00015 










END 
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10. 



11. 



12. 



Figure 10-80 
Peripherial data entry circuit for use 
with the digital-to-analog circuit. 



13. 



Figure 10-81 
Program to generate a voltage ramp. 
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Procedure (continued) 

14. Change the data at address 0133 16 to 4A 16 . Then execute the pro- 
gram. You should observe an ascending voltage ramp. If you only 
have a voltmeter, change the binary data switches to 1F 16 . This will 
slow the ramp rate so you can observe the voltage change. 



Discussion 

The ramp program sets the A side of the PIA as an input, and the B side as 
an output. The A accumulator is cleared so the ramp will begin at +5 
volts. Accumulator A is stored to the DAC through the PIA. Then the 
index register is loaded with the binary switch data. This will determine 
the waiting period between voltage ramp steps. 

Remember that the index register always contains two bytes of data. The 
first byte (high byte) is obtained from the specified address, and the 
second byte (low byte) is obtained from the specified address plus one. 
Therefore, when you load the index register from the PIA, the high byte 
contains the binary switch data, and the low byte contains 04 16 . 04 16 is the 
data stored in the A side control register of the PIA during initialization. 

Accumulator A is incremented for the next voltage level, and the index 
register is decremented until it reaches 0000 16 . Then the program 
branches back to the store the A accumulator, and the cycle continues. It 
is not necessary to clear accumulator A once the voltage ramp reaches 
zero, since the next increment sets the six least significant binary data bits 
to zero. 
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Procedure (continued) 

15. Enter the program listed in Figure 10-82. Notice that this program 
begins at address 0140 16 . 



16. Execute the program beginning at address 0140 16 . Set the binary 
data switches to 1F 16 . The voltage should step from 0 to 5 volts and 
then back to 0 volts in a cyclic manner. You can observe this dual 
ramp (triangle) waveform on the oscilloscope, if you increase the 
ramp rate with the binary data switches. 



Discussion 

This program uses the A side of the PIA to enter step delay data and the B 
side to output the discrete voltage level data. However, this time the A 
accumulator is loaded with 3F 16 , which is the binary equivalent of 0 volts. 
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014E 
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$8002 
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FO 




BEQ 




UP1 
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0167 
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FD 
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DOWN 
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END 
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Figure 10-82 
Program to generate a triangle 
waveform. 
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Beginning at address 014E 16 , the index register is loaded with the level 
step delay time. Then the A accumulator is stored to the PIA. If ac- 
cumulator A is zero, the program branches to address 0166 16 . Since it 
equals 3F 16 , the A accumulator is decremented. Then, the index register is 
decremented until it equals 0000 16 . 

At the end of delay, the index register is again loaded, and the contents of 
the A accumulator are stored to the PIA. This cycle continues until the A 
accumulator equals 00 16 (5- volt level). Then the program branches to 
address 0166 16 . 

Addresses 015C through 016B 16 are similar to the first part of the prog- 
ram. They differ in that the A accumulator is incremented and compared 
to 0F 16 . Thus, the voltage level is cycled from 0 to 5 volts in the UP 
program section, and from 5 to 0 volts in the DOWN program section. 

Procedure (continued) 

17. Enter the program listed in Figure 10-83. Notice that this program 
begins at address 0000 16 . 

18. Execute the program. This program produces a sine waveform at a 
fixed frequency. If you only have a voltmeter, it should indicate 
approximately 1.7 volts AC. An oscilloscope will show a slightly 
distorted waveform. This is because of the resolution provided by 
the 6-bit DAC. An 8-bit DAC would produce a more symmetrical 
waveform. 

Discussion 

The program uses a "look-up" table (addresses 003B through 004C 16 ) of 
constant values to generate a sine wave signal. The table was produced by 
deriving the sine of the angles between 0° and 90° in 5° increments, and 
then multiplying each value by a constant. 

Because the sine wave must reside within a 0 to 5-volt "window," each 
90° segment of the waveform can only be generated by 32 of the possible 
data bits. The first 90° of the sine wave starts at approximately 2.5 volts 
and steps to 0 volts. The second 90° steps from 0 volts up to 2.5 volts. The 
third 90° steps from 2.5 volts up to 5 volts. Finally, the fourth 90° steps 
from 5 volts down to 2.5 volts. 
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00001 
00002 
00003 
00004 
00005 
00006 
00007 
00008 
00009 
00010 
00011 
00012 
00013 
00014 
00015 
00016 
00017 
00018 
00019 
00020 
00021 
00022 
00023 
00024 
00025 
00026 
00027 
00028 
00029 
00030 
00031 
00032 
00033 
00034 
00035 



00036 



00037 



00038 



0000 
0003 
0006 
0009 
000B 

ooon 

000E 
0011 
0012 
0013 
0015 
0017 
0019 
001A 
00 ID 
001E 
00 IF 
0021 
0023 
0025 
0026 
0029 
002A 
002B 
00 2D 
002F 
0031 
0032 
0035 
0036 
0037 
0039 
003B 
003C 
00 3D 
003E 
003F 
0040 
0041 
0042 
0043 
0044 
0045 
0046 
0047 
0048 
0049 
004A 
004B 
004C 



CE FF04 
FF 8002 
CE 003B 
C6 11 
A6 00 
01 

B7 8002 

08 

5A 

26 F6 
C6 11 
A6 00 
01 

B7 8002 

09 

5A 

26 F6 
C6 11 
A6 00 
43 

B7 8002 
08 
5 A 
26 
C6 
A 6 
43 
B7 
09 
5A 
26 
20 
20 
"to 



2A 
2D 
2F 
31 
33 
35 
37 
39 
3A 
3B 
3C 
3D 
3E 
3E 



SIN1 
S1N1A 



S1N2 
3IN2A 



SIN3 



F6 
11 

00 

3002 



F6 
CE 



SIN 4 
SIN4A 



BTABLE 



NAM 

OPT 
LDX 
STX 
LDX 
LDA 
LDA 
NOP 
STA 
INX 
DEC 
BNE 
LDA 
LDA 
NOP 
STA 
DEX 
DEC 
BNE 
LDA 
LDA 
COM 
STA 
INX 
DEC 
BNE 
LDA 
LDA 
COM 
STA 
DEX 
DEC 
BNE 
BRA 
FCB 



FCB 



FCB 



END 



SINEWAVE REV,, 0,2 
NOP 

tf$FF04 
$8002 
♦BTABLE 
#$11 

X 

$8002 



SIN1A 
#$11 

X 



A $8002 



Figure 10-83 
Program to generate a sine waveform. 
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With the program using only 32 data levels for each waveform segment, 
the first five data bits in each byte determine the digital voltage level, 
while the sixth bit (D 5 ) determines whether the lower two waveform 
segments or the upper two waveform segments are being generated. Refer 
to the program in Figure 10-83. Notice that the table of values begins at 
20 16 , which approximately equals 2.5 volts. The values increase (voltage 
decrease) from there. When the upper half of the sine waveform is pro- 
duced, the table values are complemented to generate the voltages be- 
tween 2.5 and 5 volts. 

In the program, the first two steps initialize the PIA. Then, the index 
register is loaded with the address of the first value in the look-up table. 
Accumulator B is loaded with ll l6 , which will be decremented to show 
when all of the table values have been used. 

The next six instructions form a "fetch and display" loop that generates 
the first waveform segment. Accumulator A is loaded with the first value 
(20 16 ). The NOP occupies time to make the loop time identical to the time 
used when the third and fourth segments are generated. Accumulator A 
is stored to the PIA. The index register is incremented, to point to the next 
value in the table, and the B accumulator is decremented. Since the 
register is not zero, the program branches back to address 000B 16 . This 
continues until the B accumulator equals 00 16 . 

Then, the B accumulator is loaded with ll l6 . Remember that the index 
register contains the address of the last value in the table (004C 16 ). The 
next six instructions form another fetch and display loop to generate the 
second waveform segment. The only instruction that differs from the first 
loop is "decrement the index register" rather than increment. 

After the loop is completed, the B accumulator is loaded with 11 16 . The 
index register now contains the address (003 B l6 ) of the value at the top of 
the table. The next six instructions form the third fetch and display loop. 
This is identical to the first program loop; except, the NOP instruction is 
replaced with a "complement the A accumulator" instruction. Thus, the 
table values can now be used to generate the upper half of the sine 
waveform. Program loop four also operates in this manner. 

Procedure (continued) 

19. Switch the Trainer power off. Then remove the eight wires inter- 
connecting the binary data switches and the PIA. 
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Figure 10-84 
New circuit adds a voltage comparator to 
produce an analog-to-digital converter. 



20. Refer to Figure 10-84 and add the new circuit shown to the DAC 
circuit. The output of the new circuit is connected to pin 9 (PA7) of 
the PIA. If you changed the value of R5 (in the DAC circuit) to 1000 
ohms, in a previous section of this experiment, remove the 1000 
ohm resistor and reinstall the 2000 ohm, 1/2-watt resistor in its 
place. 

21. Switch the Trainer power on. Then, enter the program listed in 
Figure 10-85. Notice that the program begins at address 0170 16 . 

22 . Turn control R10 fully clockwise, then execute the program begin- 
ning at address 0170 16 . 

23. Connect your voltmeter to TPl (wiper of control R10) and circuit 
ground. Then, adjust control R6 for a Trainer display equal in value 
to the voltage at TPl . If you cannot adjust the display value down to 
the indicated voltage level, place a 1000 ohm, 1/4-watt resistor in 
series with resistor R5. Make sure you switch the Trainer power off 
before you add the resistor. 

24. The circuit you have constructed acts like a digital voltmeter and 
will measure the voltage at the wiper of control RlO (TPl). Turn 
control RlO and compare the voltage indicated by your voltmeter 
with the voltage indicated by the Trainer display. 
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00003 
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ORG 


$0170 




00004 
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A SIDE IN 


00009 


0176 


CE 


FF04 


LDX 


*$FF04 
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END 







Figure 10-85 
Program to convert an analog signal to 
a digital value. 

Discussion 

In this analog-to-digital conversion circuit, the MPU supplies a known 
voltage to a voltage comparator, and looks for a match with the unknown 
voltage at the comparator. Because the program operates in digit incre- 
ments, each voltage level step will equal 0.1 volts after the circuit has 
been calibrated. Thus, the unknown voltage can be resolved to one-tenth 
of a volt. 

At the beginning of the program, the PIA is initialized (A side in, B side 
out); the B accumulator is loaded with FF (to start comparison at 0 volts); 
and the A accumulator is cleared (used to store the voltage count, for the 
display). The B accumulator is stored to the PIA for conversion to a 
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voltage level. The next three instructions use the index register to supply 
a short time delay. This is needed since the analog circuit cannot operate 
as quickly as the MPU. 

After the short delay, the comparator output to the A side of the PIA is 
checked for a voltage match. If there is no match, the B accumulator is 
decremented, increasing the voltage level, and the A accumulator is 
incremented, by adding 01 16 to the contents, to indicate the voltage 
increase. Since this circuit is emulating a digital voltmeter, the displayed 
voltage must be in decimal (base 10). Therefore, the next instruction 
performs a decimal adjust on the A accumulator. This converts the binary 
addition to a BCD format. 

The program then branches back to address 017F 16 and repeats until the 
comparator test indicates that the voltage generated by the MPU equals 
the unknown voltage. You can observe the conversion routine by con- 
necting the Yl input of a dual-trace oscilloscope to TP2 and circuit 
ground, and the Y2 input to TP3 and circuit ground. Figure 10-83 shows 
the location of the test points, while Figure 10-86 shows the display of the 
0.5-volt conversion. 
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Figure 10-86 
Voltage comparator timing in relation 
to the DAC voltage signal. 
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As soon as the comparator senses that the known and unknown voltages 
are equal, it switches low to tell the MPU a match has occurred. This 
causes the program to branch to the display output routine. REDIS stores 
the location of display H. OUTBYT writes the contents of the A ac- 
cumulator to displays H and I. Next, the contents of the A accumulator is 
changed to 01 16 . This is stored to address C16F 16 , which lights the deci- 
mal point in display H. 



Procedure (continued) 

25. Switch the Trainer power off. Then remove the wires and compo- 
nents from the two large connector blocks. Caution: The PIA is an 
MOS device. When you remove it from the Trainer, press it onto its 
conductive foam pad. This will reduce the possibility of damage 
from static electricity. 

26. Return to the Unit Activity Guide of Unit 8. 
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A 

ADC (Add with Carry), 4-46 to 4-48, 9-81, 9-85 to 
9-89 

ADD (Add), 2-22 to 2-23, 2-36 to 2-39, 2-58 to 

2-61, 4-29 to 4-32, 4-55, 9-20, 9-22 to 9-25, 

9-31 to 9-33 
ALU (Arithmetic Logic Unit), 2-16 
AND 3-35 to 3-36, 9-36, 9-43 to 9-44 
ANSCII (American National Standard Code for 

Information Interchange), 1-48 
ASCII (American Standard Code for Information 

Interchange), 1-48 to 1-51 
ASCII Code word format, 1-50, 10-91 to 10-93 
ASLA (Arithmetic Shift Accumulator Left), 4-51 

to 4-53, 9-90 to 9-94 
Accumulator, 2-16 to 2-17, 2-64 
Accumulator A, 5-8 to 5-9 
Accumulator B, 5-8 to 5-9 
Addend, 3-6 

Address, 2-9, 2-24, 2-47, 7-33 * 
Address bus, 2-18, 7-10, 10-14 
Address clearing, 9-106 

Address decoder, 2-18, 6-28, 7-7, 7-32 to 7-33, 

8-10, 10-27 to 10-38 
Address register, 2-17, 5-7 
Addressable latch, 7-42 to 7-46 
Addressing modes: 

Combined, 2-66 to 2-67 

Direct, 2-46 to 2-65 

Extended, 5-9, 5-37 to 5-38, 9-102 to 
9-103 

Indexed, 5-39 to 5-45, 9-102, 9-104 to 
9-108 

Inherent (implied), 2-44, 2-46 
Immediate, 2-45 to 2-48, 9-31 
Relative, 4-7 to 4-8 



Algorithms, 4-29 to 4-43 
Alphanumeric codes, 1-48 to 1-53 
Analog to digital conversions, 10-108 to 10-111 
Arabic number system, See "Decimal Number 
System" 

Arithmetic instructions, 5-16 to 5-18, "Appen- 
dix A" 

Audio output, 10-71 to 10-82 
Augend, 3-6 

B 

BA (Bus Available), 7-12 

BCC (Branch if Carry Clear), 4-26 

BCD Codes (Binary Coded Decimal), 1-42 to 

1-46, 4-37 to 4-43 , 4-52 to 4-55, 9-92 to 9-99 
BCS (Branch if Carry Set), 4-26, 4-43 
BEQ (Branch if Equal Zero), 4-26, 9-55 to 9-58 
BMI (Branch if Minus), 4-20 to 4-21, 4-26, 4-33, 

4-35 to 4-36 
BNE (Branch if Not Equal Zero), 4-26 
BPL (Branch if Plus), 4-26 
BRA (Unconditional Branch) (Branch Always), 

4-20, 9-55, 9-57 to 9-60 
BSR (Branch to Subroutine), 6-23 
BVC (Branch if Overflow Clear), 4-26 
BVS (Branch if Overflow Set), 4-26 
Base (radix), 1-6 
BAUDOT code, 1-52 to 1-53 
Bi-directional bus, 7-6, 10-14 
Binary arithmetic: 

Addition, 3-6 to 3-8, 3-26, 3-30 to 3-32, 
5-42, 9-102 to 9-105 9-107 to 9-108 

Subtraction, 3-8 to 3-10, 9-114, 9-116 to 
9-118 

Multiplication, 3-11 to 3-13 
Division, 3-14 to 3-15 
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Binary codes, 1-42 to 1-53 

Binary number system, 1-11 to 1-16, 1-42 

Binary point, 1-12 to 1-13 

Bit, 1-li, 2-10 to 2-11 

Boolean operations, 3-35 to 3-40 

Borrow, 3-9 to 3-10, 4-23 

Branch instruction execution, 4-8 to 4-13 

Branching, 4-6 to 4-17, 5-26 to 5-29, 9-45 to 9-79 

Branching backward, 4-16 to 4-17, 9-60 to 9-61 

Branching forward, 4-14 to 4-15, 9-59 

Buffer, 7-8 to 7-10 

Bus, 2-6, 7-6 to 7-8 

Byte, 2-10 to 2-11 

C _ 

CE, CE (Chip Enable), 7-7, 7-27 to 7-28, 7-30 to 

7-33, 10-9 
CLI (Clear Interrupt Mask), 6-45 
CLRA (Clear Accumulator), 9-20, 9-26 
CMOS, 7-20 

CR (Control Register), 8-23 

CS (Chip Select Lines), 7-28, 8-28 

Carry, 3-6 to 3-8 

Carry flag (C), 4-23, 9-88 to 9-90 
Carry register, See "Carry Flag" 
Cascade stack, 6-6 to 6-9 
Chip, 2-3 

Clock signals (J0fl,J02), 7-11 to 7-14 
Condition codes, 4-22 to 4-26, 5-10, 5-30 to 5-31, 
9-46 to 9-54 

Conditional branching, 4-20 to 4-26, 9-45, 9-67 

to 9-69 
Conductors, 2-13 
Contact bounce, 8-7 

Contact bounce elimination, 8-16 to 8-17 
Contact closure detection, 8-6 
Controller sequencer, 2-18, 5-7 



Conversion: 

BCD to binary, 4-37 to 4-40, 9-68 to 9-72 
Binary to BCD, 4-41 to 4-43 
Binary to decimal, 1-13, 9-6 to 9-8 
Binary to hexadecimal, 1-36 to 1-38 
Binary to octal, 1-24 to 1-26 
Decimal to binary, 1-14 to 1-16, 9-8 to 
9-10 

Decimal to hexadecimal, 1-33 to 1-35, 

9-12 to 9-16 
Decimal to octal, 1-21 to 1-23 
Hexadecimal to binary, 1-38 to 1-39 
Hexadecimal to decimal, 9-16 to 9-18 
Octal to binary, 1-26 
Octal to decimal, 1-20 

D 

DAA (Decimal Adjust Accumulator), 4-53 to 

4-55, 9-94 to 9-99 
DAC (Digital to Analog Conversion), 10-96 to 

10-101 

DBE (Data Bus Enable), 7-10, 7-12 

DDR (Data Direction Register), 8-23 

DECA (Decrement Accumulator), 9-20, 9-26, 

9-37 to 9-38 
DMA (Direct Memory Access), 7-10, 7-12 
Data bus, 2-19, 7-10 

Data handling instructions, 5-18 to 5-21, "Ap- 
pendix A" 

Data register, 2-16, 2-17, 5-7 

Data storage, 9-29 to 9-30 

Data test instructions, 5-23 to 5-24, "Appendix 
A" 

Data transfer, 9-27 to 9-28 
Debounce, 10-60 to 10-64 
Decimal number system, 1-6 to 1-8 
Decoder-driver, 7-37 to 7-38 
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Decoders, See "Instruction Decoder" 
Digital clock program, 9-138 to 9-146, 10-19 to 
10-24 

Displays, 7-36 to 7-41, 7-47 to 7-48, 8-33 to 8-36 
Dividend, 3-14 to 3-15 
Division, 4-33 to 4-36, 9-62 to 9-66 
Divisor, 3-14 to 3-15 

Do nothing instruction (NOP), see "NOP" 
E 

ENCODE, 8-11 to 8-12, 8-16 to 8-17 
8421 BCD code, See "BCD Codes" 
exclusive OR, 3-38 to 3-39 
Even parity, 1-50 

Execute phase, 2-21, 2-34 to 2-36' 4-8 to 4-13, 
7-14 

F 

Fetch phase, 2-21, 2-29 to 2-33, 7-13 to 7-14 
Flip-flops, 7-20, 7-22 to 7-23 
Flow chart, 4-31, 4-34, 4-38, 4-42, 9-62, 9-90, 
10-62 

Fractional numbers, 1-7 to 1-8 
G 

Gray code, 1-47 

H 

HALT, 7-12 

HLT (Halt), 2-22 to 2-23, 2-40 
Half carry flag (H), 5-10 

Hexadecimal number system, 1-29 to 1-39, 9-11 

to 9-18 
Higher order byte, 2-11 

I 

INCA (Increment Accumulator), 9-20, 9-26 
INCH (Input Character), 8-12, 8-16 to 8-17 
IRCF (Interrupt Request), 6-44 to 6-45, 7-11 to 
7-11, 8-22, 10-19 to 10-24 



Improper timing, 10-10 

Index register, 5-10, 5-24 to 5-25 

Input, 2-7, 6-30 to 6-31, 7-22 to 7-23, 10-53 to 

10-59 

Input, 7-22 to 7-23 

Input/output (I/O), 2-7, 6-27 to 6-34, 8-21 to 8-22, 

10-67 to 10-70 
Input/output device, 2-7, 6-28 
Input/output interface, 6-28 
Input/output port, 2-7 
Input-output programming, 6-31 to 6-33 
Input serial data, 10-88 to 10-89 
Instruction, 2-8 "Appendix A" 
Instruction decoder, 2-17, 5-7 
Instruction set summary, 5-31, 5-46 to 5-48, 

"Appendix A" 
Instruction timing, 7-13 to 7-14 
Integer, 1-7 

Interface lines, 7-10 to 7-12 
Interfacing, 7-6 to 7-17 
Interfacing requirements, 8-6 to 8-8 
Interfacing with displays, 7-36 to 7-48, 10-40 to 
10-42 

Interfacing with switches, 8-6 to 8-17 
Interfacing with RAM, 7-20 to 7-33 
Interrupt, 6-34, 6-37 to 6-47, 10-59 to 10-64 
Interrupt mask, 5-8, 5-10, 6-39, 6-45 
Interrupt vector, 6-38 
Invert, 3-40 

J 

JMP (Jump), 4-6, 6-17 to 6-19 

JSR (Jump to Subroutine), 6-20 to 6-21 

K 

Key closure detection, 8-11 to 8-15 
Key closure encoding, 8-11 to 8-15 
Keyboard arrangement, 8-8 to 8-18 
Keyboard circuit, 8-10 to 8-11 
Keyboard decoding, 8-37 to 8-38 
Keyboard switches, 8-6 
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L 

IDA (Load Accumulator), 2-22 to 2-23, 9-20 
LED (Light Emitting Diodes), 6-29, 9-127 to 
9-131 

Common anode, 7-37 
Common cathode, 7-37 
Seven segment, 7-36 to 7-41, 10-43 to 
10-52 

LSB (Least Significant Bit), 1-13 to 1-16,1-24 to 
1-26, 2-11 

LSD (Least Significant Digit), 1-8, 1-21 to 1-23, 

1-33 to 1-35 
Location, 2-18 

Logic instructions, 5-22, "Appendix A" 

Looping, 4-6 

Lower order byte, 2-11 

M 

MOS, 7-20 to 7-21 
MOSFET, 7-21 to 7-22 

MPU (Microprocessor Unit), 2-6, 2-15 to 2-18, 

7-30 to 7-31 
MPU cycle, 2-46, 7-13 to 7-17 
MSB (Most Significant Bit), 1-13 to 1-16, 1-24 to 
1-26, 2-11 

MSD (Most Significant Digit), 1-8, 1-21 to 1-23, 

1-33 to 1-35 
Memory, 2-18 to 2-20, 2-64, 10-8 to 10-18 
(Memory) stack, 6-9 to 6-15 
Microcomputer, 2-6, 2-14 
Microprossor, 2-3, 2-6, 2-14 
Microprocessor keyboard commands, 9-19 
Minuend, 3-8 
Mnemonic, 2-22 

Multiple-precision arithmetic, 4-47 to 4-50, 9-82 

to 9-91, 9-94 to 9-97 
Multiplexing displays, 7-47 to 7-48, 8-33 to 8-36 
Multiplicand, 3-11 to 3-13 

Multiplication, 4-29 to 4-32,4-51 to 4-53, 9-25 to 
9-26, 9-32 to 9-33 9-55 to 9-58, 9-92, 9-109 to 
9-115 

Multiplier, 3-11 to 3-13 



N 

NDRO (Nondestructive Readout), 2-19 

NEGA (Complement 2 's or Negate), 9-36, 9-39 to 

9-40 

NMI (Monmaskable Interrupt), 6-40 to 6-42, 7-10 
to 7-11 

NOR (exclusive), 10-35 to 10-38 

NOP (Do Nothing Instruction), 9-46 to 9-47 

Negative Flag (N), 4-22 

Negative numbers, 3-16 to 3-21, 3-31 to 3-32, 

9-37 to 9-40 
Negative powers of sixteen, B-53 
Negative powers of ten, 1-7 
Negative powers of two, 1-12, B-52 
Negative reigster, See "Negative Flag (N)" 
Nested subroutine, 6-22 to 6-23 

O 

OR, 3-36 to 3-38, 9-36, 9-43 to 9-44 
OR (Output Register), 8-23 to 8-27 
Octal number system, 1-20 to 1-26 
Odd parity, 1-50, 10-94 

Offset address, 5-40 to 5-41, 5-44 to 5-45, 9-107 to 

9- 108 

One's complement, 3-17 to 3-18 

Opcode, 2-22 to 2-24, 9-19, 9-33 

Operands, 2-16 to 2-17, 2-23 to 2-24, 2-46, 5-41 

Output, 2-7, 6-29 to 6-30, 10-40 to 10-52, 10-89 to 

10- 95 

Overflow, 1-15, 1-22, 1-33 to 1-34, 4-24 to 4-25 

Overflow flag (V), 4-24 to 4-25 

Overflow register, (See "Overflow Flag (V) M 

P 

01 (Phi 1) (Clock Signal), 7-11, 7-13, 7-15 to 7-16 

02 (Phi 2) (Clock Signal), 7-11 to 7-16, 7-32 to 

7-33, 8-22 

PIA (Peripheral Interface Adapter), 8-20 to 8-39, 
10-65 to 10-91 

PIA (continued) 

Addressing, 8-28 to 8-30 
Decoding keyboards, 8-37 to 8-38 
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Decoding switch matrix, 8-38 to 8-39 
Driving seven segment displays, 8-33 to 
8-36 

Initialization, 8-25 to 8-27 

Registers, 8-23 to 8-24 

Registers addressing, 8-24 
PULL, 6-8, 6-11 to 6-12, 9-122 to 9-123 
PUSH, 6-7, 6-10 to 6-11, 9-120 to 9-121 
Parity, 1-50, 10-93 to 10-95 
Pins, 7-10 to 7-12 
Positional notation: 

Binary number system, 1-11 to 1-12 

Decimal number system, 1-6 to 1-7 

Hexadecimal number system, 1-32 

Octal number system, 1-20 

Powers of eight, 1-20, B-53 

Powers of sixteen, 1-32, B-53 

Powers of ten, 1-6 

Powers of two, 1-11, B-51 

Program, 2-8, 10-16 to 10-17 

Program counter, 2-17, 5-9 

Program debugging, 9-73 to 9-79 

Program execution, 2-28 to 2-40, 2-52 to 2-65 

Program timing, 7-15 to 7-17 

Pure binary code, 1-42 

Q 

Quotient, 3-14 to 3-15 
R 

RAM (Random Access Memory), 2-20, 6-37, 7-6 

to 7-7, 7-13, 7-20 to 7-33, 9-33 to 9-34 
RAM connection to MPU, 7-30 to 7-31 
RAM (Static), 7-20 to 7-23 
RE (Read Enable), 10-14 to 10-15 
READ, 2-19, 7-23, 7-27, 10-9 
RESET, 6-37 to 6-40, 7-10 to 7-11, 8-22, 8-25 to 
8-26 

RESET, 6-38, 7-11 

ROM (Read Only Memory), 2-20, 6-37, 7-8, 7-13, 

9-33 to 9-34 
RS (Register Select Line), 8-29 to 8-30 



RTI (Return From Interrupt), 6-42 to 6-43 

RTS (Return From Subroutine), 6-20 to 6-21 

R/W (Read/Write), 2-20, 7-10, 8-22, 10-9 to 10-10 

Radix, See "Base" 

Radix point, 1-8 

Read/write memory, 2-18, 2-20 

Reset interrupt sequence, 6-38 

S 

SBC (Subtract with Carry), 4-46, 4-49 to 4-50, 

9-81, 9-89 to 9-90 
SEI (Set Interrupt Mask), 6-45 
STA (Store Accumulator), 2-62 to 2-65, 9-20, 

9-23 

SUB (Subtract), 4-20 to 4-21, 4-23, 4-33 to 4-36, 

9-36, 9-42 
SWI (Software Interrupt), 6-46 to 6-47 
Sign and magnitude, 3-16 
Signed number arithmetic, 3-30 to 3-31, 9-37 to 

9- 41 

Sine waveform, 10-105 to 10-107 
6800 MPU: 

Architecture, 5-6 to 5-12 
Block diagram, 5-11 to 5-12 
Data sheet, 7-17, "Appendix B" 
Instruction set, 5-15 to 5-31, "Appendix A" 
Interface lines, 7-10 to 7-12 
Programming model, 5-8 to 5-10 
Software interrupt, 6-46 to 6-47 
Special binary codes, 1-47 
Square root program, 9-114 to 9-118 
Stack, 6-6, 6-13 to 6-15, 9-121 to 9-123 
Stack pointer, 5-10, 5-24 to 5-25, 6-9 to 6-10 
Standard non inverting buffer, 7-8 
Stored program concept, 2-8 to 2-9 
Straight line program, 4-6, 9-19 to 9-34 
Subroutine, 6-17 to 6-24, 9-127 to 9-146 
Subtrahend, 3-8 to 3-10 
Switch debouncing, 8-7, 10-60 to 10-64 
Switch decoding, 8-8 

Switch matrix decoding, 8-34 to 8-39, 10-84 to 

10- 87 

Switch selection, 8-6 
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T 

TSC (Three state control line), 7-10 to 7-11 
Two's complement arithmetic, 3-27 to 3-29 
Three state logic, 7-8 to 7-10 
Three state noninverting buffer, 7-8 to 7-10, 8-6 
Timing, 10-10 

Triangle waveform, 10-104 to 10-105 
Two's complement, 3-18 to 3-21, 9-39 
Two's complement arithmetic, 3-26 to 3-27, 3-29 
to 3-30, 4-25 

U 

Unconditional branching, See "BRA" 



V 

VMA (Valid Memory Address), 7-12 
Voltage ramp, 10-102 to 10-103 

W 

WAI (Wait for Interrupt), 6-47, 9-120 to 9-122 
WRITE, 2-20, 7-22 to 7-23, 7-27, 10-9 
Word, 2-9 

Word length, 2-9 to 2-11 
Z 

Zero flag (Z),4-22 

Zero register, See "Zero Flag" 
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APPENDIX A 
Definition of the Executable Instructions 



A.1 Nomenclature 

The following nomenclature is used in the subsequent definitions, 
(a) Operators 



( ) = contents of 

<— = is transferred to 

t = "is pulled from stack" 

i = "is pushed into stack" 

= Boolean AND 

O = Boolean (Inclusive) OR 

© = Exclusive OR 

~ = Boolean NOT 



(b) Registers in the MPU 
ACCA = Accumulator A 
ACCB = Accumulator B 

ACCX = Accumulator ACCA or ACCB 

CC = Condition codes register 

IX = Index register, 1 6 bits 

IX H = Index register, higher order 8 bits 

IXL = Index register, lower order 8 bits 

PC = Program counter, 16 bits 

PCH = Program counter, higher order 8 bits 

PCL = Program counter, lower order 8 bits 

SP = Stack pointer 
SPH = Stack pointer high 
SPL = Stack pointer low 

(c) Memory and Addressing 

M = A memory location (one byte) 

M +1 = The byte of memory at 0001 plus the address of the memory location indi- 
cated by "M." 

Rel = Relative address (i.e. the two's complement number stored in the second byte 
of machine code corresponding to a branch instruction). 

(d) Bits 0 thru 5 of the Condition Codes Register 



C = Carry — borrow bit — 0 

V = Two's complement overflow indicator bit — 1 

Z = Zero indicator bit — 2 

N = Negative indicator bit — 3 

I = Interrupt mask bit — 4 

H = Half carry bit — 5 



(e) Status of Individual Bits BEFORE Execution of an Instruction 
An = Bit n of ACCA (n=7,6,5,.. M 0) 

Bn = Bit n of ACCB (n=7,6,5 0) 

IXHn = Bit n of \XH (n=7,6,5,...,0) 
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IXLn = Bit n of IXL (n=7,6,5,...,0) 
Mn = Bit n of M (n=7,6,5,...,0) 
SPHn = Bit n of SPH (n=7,6,5,...,0) 
SPLn = Bit n of SPL (n=7,6,5,...,0) 
Xn = Bit n of ACCX (n=7,6,5,...,0) 
(f) Status of Individual Bits of the RESULT of Execution of an Instruction 

(i) For 8-bit Results 

Rn = Bit n of the result (n =7,6,5,...,0) 

This applies to instructions which provide a result contained in a single byte of 
memory or in an 8-bit register. 

(ii) For 1 6-bit Results 

RHn = Bit n of the more significant byte of the result 

(n =7,6,5,...,0) 
RLn = Bit n of the less significant byte of the result 

(n =7,6,5,...,0) 

This applies to instructions which provide a result contained in two consecu- 
tive bytes of memory or in a 1 6-bit register. 

A.2 Executable Instructions (definition of) 

Detailed definitions of the 72 executable instructions of the source language are provided on the 
following pages. 
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Add Accumulator B to Accumulator A 



ABA 



Operation: 
Description: 

Condition Codes: 



ACCA *- (ACCA) + (ACCB) 

Adds the contents of ACCB to the contents of ACCA and places the result in 
ACCA. 



Set if there was a carry from bit 3; cleared otherwise. 
Not affected. 

Set if most significant bit of the result is set; cleared otherwise. 

Set if all bits of the result are cleared; cleared otherwise. 

Set if there was two's complement overflow as a result of the operation; 

cleared otherwise. 

Set if there was a carry from the most significant bit of the result; cleared 
otherwise. 



Boolean Formulae for Condition Codes: 

H = A3B3 + B3R3 + R3A3 

N = R 7 _ 

Z = R7-R6'R5-R4-R3-R2-Ri 
V = A7B7R7+A7B7R7 
C = A 7 -B7+B7-R7+R7'A 7 



Ro 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 









Coding of First (or only) 


Addressing 


Execution Time 


Number of 


byte of machine code 


bytes of 








Modes 


(No. of cycles) 


machine code 


HEX. 


OCT. 


DEC. 


Inherent 


2 


1 


1B 


033 


027 
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ADC 



Add with Carry 



Operation: 
Description: 

Condition Codes: 



ACCX <- (ACCX) + (M) + (C) 

Adds the contents of the C bit to the sum of the contents of ACCX and M, and 
places the result in ACCX. 

H Set if there was a carry from bit 3; cleared otherwise. 
I: Not affected. 

N: Set if most significant bit of the result is set; cleared otherwise. 
2: Set if all bits of the result are cleared; cleared otherwise. 
V: Set if there was two's complement overflow as a result of the operation; 
cleared otherwise. 

C: Set if there was a carry from the most significant bit of the result; cleared 
otherwise. 

Boolean Formulae for Condition Codes: 

H = X3M3 + M3R3+R3X3 
N = R 7 ^ 

Z = RT-Re-Rs-FVFVRz-RvRo 
V -Xt-Mt-Rt+Xt-Mt-R? 
C =X 7 -M 7 +M7-R7+R7-X7 

Addressing Formats: 
See Table A-1 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



(DUAL OPERAND) 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 
bytes of 
machine code 


Coding of First (or only) 
byte of machine code 


HEX. 


OCT. 


DEC. 


A IMM 


2 


2 


89 


211 


137 


A DIR 


3 


2 


99 


231 


153 


A EXT 


4 


3 


B9 


271 


185 


A IND 


5 


2 


A9 


251 


169 


B IMM 


2 


2 


C9 


311 


201 


B DIR 


3 


2 


D9 


331 


217 


B EXT 


4 


3 


F9 


371 


249 


B INO 


5 


2 


E9 


351 


233 
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Add Without Carry ADD 

Operation: ACCX <- (ACCX) + (M) 

Description: Adds the contents of ACCX and the contents of M and places the result in ACCX. 

Condition Codes: H: Set if there was a carry from bit 3; cleared otherwise. 
I: Not affected. 

N: Set if most significant bit of the result is set; cleared otherwise. 
Z: Set if all bits of the result are cleared; cleared otherwise. 
V: Set if there was two's complement overflow as a result of the operation; 
cleared otherwise. 

C: Set if there was a carry from the most significant bit of the result; cleared 
otherwise. 

Boolean Formulae for Condition Codes: 

H = X3-M 3 +M 3 -R3+R3-X3 

Z = R7-R6-Rs-R4-R3-R2-Rt-Ro 

V = X7M7R7+X7M7R7 

C =X 7 M7+M 7 -R7+R7-X7 
Addressing Formats: 
See Table A-1 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 
(DUAL OPERAND) 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 


Coding of First (or only) 
byte of machine code 


bytes of 
machine code 


HEX. 


OCT. 


DEC. 


A IMM 


2 


2 


8B 


213 


139 


A DIR 


3 


2 


9B 


233 


155 


A EXT 


4 


3 


BB 


273 


187 


A IND 


5 


2 


AB 


253 


171 


B IMM 


2 


2 


CB 


313 


203 


B DIR 


3 


2 


DB 


333 


219 


B EXT 


4 


3 


FB 


373 


251 


B IND 


5 


2 


EB 


353 


235 
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AND 

Operation: 
Description: 



Condition Codes: 



Logical AND 

ACCX <r- (ACCX) • (M) 

Performs logical "AND" between the contents of ACCX and the contents of M and 
places the result in ACCX. (Each bit of ACCX after the operation will be the logical 
"AND" of the corresponding bits of M and of ACCX before the operation.) 

H: Not affected. 

I: Not affected. 

N: Set if most significant bit of the result is set; cleared otherwise. 

Z: Set if all bits of the result are cleared; cleared otherwise. 

V: Cleared. 

C: Not affected. 



Boolean Formulae for Condition Codes: 

N=R 7 ______ 

Z = R7R6R5R4R3R2R1 
V -0 

Addressing Formats: 

See Table A-1 
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Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 
bytes of 
machine code 


Coding of First (or only) 
byte of machine code 


HEX. 


OCT. 


DEC. 


A IMM 


2 


2 


84 


204 


132 


A DIR 


3 


2 


94 


224 


148 


A EXT 


4 


3 


B4 


264 


180 


A IND 


5 


2 


A4 


244 


164 


B IMM 


2 


2 


C4 


304 


196 


B DIR 


3 


2 


D4 


324 


212 


B EXT 


4 


3 


F4 


364 


244 


B IND 


5 


2 


E4 


344 


228 
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Arithmetic Shift Left 

Operation: * 

— c 

Description: Shifts all bits of the ACCX or M one place to the left. Bit 0 is loaded with a zero. The 
C bit is loaded from the most significant bit of ACCX or M. 

Condition Codes: H: Not affected. 

I: Not affected. 

N: Set if most significant bit of the result is set; cleared otherwise. 

Z: Set if all bits of the result are cleared; cleared otherwise. 

V: Set if, after the completion of the shift operation, EITHER (N is set and C is 

cleared) OR (N is cleared and C is set); cleared otherwise. 
C: Set if, before the operation, the most significant bit of the ACCX or M was set; 

cleared otherwise. 

Boolean Formulae for Condition Codes: 

N=R 7 ______ 

Z = R7-R6-R5-R4-R3'R2-Ri-Ro 
V = N © C = [N-C]0[N*C] 

(the foregoing formula assumes values of N and C after the shift operation) 
C = M 7 

Addressing Formats 

See Table A-3 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 


Coding of First (or only) 
byte of machine code 


bytes of 
machine code 


HEX. 


OCT. 


DEC. 


A 


2 


1 


48 


110 


072 


B 


2 


1 


58 


130 


088 


EXT 


6 


3 


78 


170 


120 


INO 


7 


2 


68 


150 


104 



ASL 
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ASR 

Operation: 
Description: 



Arithmetic Shift Right 



07 



bo 



Shifts all bits of ACCX or M one place to the right. Bit 7 is held constant. Bit 0 is 
loaded into the C bit. 



Condition Codes: H: Not affected. 

I: Not affected. 

N: Set if the most significant bit of the result is set; cleared otherwise. 

Z: Set if all bits of the result are cleared; cleared otherwise. 

V: Set if, after the completion of the shift operation, EITHER (N is set and C is 

cleared) OR (N is cleared and C is set); cleared otherwise. 
C: Setif, before the operation, the least significant bit of the ACCX or M was set; 

cleared otherwise. 

Boolean Formulae for Condition Codes: 
N = R? _ _ _ 
Z = R7R6R5R4R3R2R1R0 
V = N 0 C = [N C]Q[N-C] 

(the foregoing formula assumes values of N and C after the shift operation) 
C = Mo 

Addressing Formats: 

See Table A-3 

Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 



Execution Time 
(No. of cycles) 



Number of 
bytes of 
machine code 



Coding of First (or only) 
byte of machine code 



HEX. 



OCT. 



DEC. 



A 

B 
EXT 
IND 



2 
2 
6 
7 



1 
1 
3 
2 



47 
57 
77 
67 



107 
127 
167 
147 



071 
087 
119 
103 
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Branch if Carry Clear BCC 

Operation: PC (PC) + 0002 + Rel if (C)=0 

Description: Tests the state of the C bit and causes a branch if C is clear. 

See BRA instruction for further details of the execution of the branch. 
Condition Codes: Not affected. 
Addressing Formats: 
See Table A-8. 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 
bytes of 
machine code 


Coding of First (or only) 
byte of machine code 


HEX. 


OCT. 


DEC. 


REL 


4 


2 


24 


044 


036 
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BCS Branch if Carry Set 

Operation: PC <- (PC) + 0002 + Rel if (C)=1 

Description: Tests the state of the C bit and causes a branch if C is set. 

See BRA instruction for further details of the execution of the branch. 
Condition Codes: Not affected. 
Addressing Formats: 
See Table A-8. 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 
bytes of 
machine code 


Coding of First (or only) 
byte of machine code 


HEX. 


OCT. 


DEC. 


REL 


4 


2 


25 


045 


037 
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Branch if Equal BEQ 

Operation: PC <- (PC) + 0002 + Rel if (Z)=1 

Description: Tests the state of the Z bit and causes a branch if the Z bit is set. 

See BRA instruction for further details of the execution of the branch. 
Condition Codes: Not affected. 
Addressing Formats: 
See Table A-8. 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 
bytes of 
machine code 


Coding of First (or only) 
byte of machine code 


HEX. 


OCT. 


DEC. 


REL 


4 


2 


27 


047 


039 



A-12 



HEATHKIT 

CONTINUING 
EDUCATION 



Branch if Greater than or Equal to Zero 

Operation: PC «- (PC) + 0002 + Rel if (N) © (V) = 0 

i.e. if (ACCX) ^ (M) 
(Two's complement numbers) 

Description: Causes a branch if (N is set and V is set) OR (N is clear and V is clear). 

If the BGE instruction is executed immediately after execution of any of the 
instructions CBA, CMP, SBA, or SUB, the branch will occur if and only if the two's 
complement number represented by the minuend (i.e. ACCX) was greater than or 
equal to the two's complement number represented by the subtrahend (i.e. M). 

See BRA instruction for details of the branch. 

Condition Codes: Not affected. 

Addressing Formats: 

See Table A-8. 

Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 
bytes of 
machine code 


Coding of First (or only) 
byte of machine code 


HEX. 


OCT. 


DEC. 


REL 


4 


2 


2C 


054 


044 



EDUCATION J A- 13 



Branch if Greater than Zero BGT 

Operation: PC +- (PC) + 0002 + Rel if (Z) O [(N) © (V)] = 0 

i.e. if (ACCX) > (M) 
(two's complement numbers) 

Description: Causes a branch if [ Z is clear ] AND [(N is set and V is set) OR (N is clear and V is 

clear)]. 

If the BGT instruction is executed immediately after execution of any of the 
instructions CBA, CMP, SBA, or SUB, the branch will occur if and only if the two's 
complement number represented by the minuend (i.e. ACCX) was greater than 
the two's complement number represented by the subtrahend (i.e. M). 

See BRA instruction for details of the branch. 

Condition Codes: Not affected. 

Addressing Formats: 

See Table A-8. 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 
bytes of 
machine code 


Coding of First (or only) 
byte of machine code 


HEX. 


OCT. 


DEC. 


REL 


4 


2 


2E 


056 


046 
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BHI Branch if Higher 

Operation: PC <- (PC) + 0002 + Rel if (C) • (Z)=0 

i.e. if (ACCX) > (M) 
(unsigned binary numbers) 

Description: Causes a branch if (C is clear) AND (Z is clear). 

If the BHI instruction is executed immediately after execution of any of the 
instructions CBA, CMP, SBA, or SUB, the branch will occur if and only if the 
unsigned binary number represented by the minuend (i.e. ACCX) was greater 
than the unsigned binary number represented by the subtrahend (i.e. M). 

See BRA instruction for details of the execution of the branch. 

Condition Codes: Not affected. 

Addressing Formats: 

See Table A-8. 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 
bytes of 
machine code 


Coding of First (or only) 
byte of machine code 


HEX. 


OCT. 


DEC. 


REL 


4 


2 


22 


042 


034 
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Bit Test 

Operation: 
Description: 



Condition Codes: 



BIT 



(ACCX) • (M) 

Performs the logical "AND" comparison of the contents of ACCX and the contents 
of M and modifies condition codes accordingly. Neither the contents of ACCX or M 
operands are affected. (Each bit of the result of the "AND" would be the logical 
"AND" of the corresponding bits of M and ACCX.) 

H: Not affected. 

I: Not affected. 

N: Set if the most significant bit of the result of the "AND" would be set; cleared 
otherwise. 

Z: Set if all bits of the result of the "AND" would be cleared; cleared otherwise. 

V: Cleared. 

C: Not affected. 



Boolean Formulae for Condition Codes: 
N = R 7 _ 

Z = R7R6R5R4R3R2R1 
V = 0 

Addressing Formats: 

See Table A-1 . 



Ro 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 


Coding 
byte o1 


of First (or only) 
f machine code 


bytes of 
machine code 


HEX. 


OCT. 


DEC. 


A IMM 


2 


2 


85 


205 


133 


A DIR 


3 


2 


95 


225 


149 


A EXT 


4 


3 


B5 


265 


181 


A IND 


5 


2 


A5 


245 


165 


B IMM 


2 


2 


C5 


305 


197 


B DIR 


3 


2 


D5 


325 


213 


B EXT 


4 


3 


F5 


365 


245 


B IND 


5 


2 


E5 


345 


229 
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BLE Branch if Less than or Equal to Zero 

Operation: PC (PC) + 0002 + Rel if (Z)Q[(N) © (V)]=1 

i.e. if (ACCX) ^ (M) 
(two's complement numbers) 

Description: Causes a branch if [Z is set] OR [(N is set and V is clear) OR (N is clear and V is 
set)]. 

If the BLE instruction is executed immediately after execution of any of the 
instructions CBA, CMP, SBA, or SUB, the branch will occur if and only if the two s 
complement number represented by the minuend (i.e. ACCX) was less then or 
equal to the two's complement number represented by the subtrahend (i.e. M). 

See BRA instruction for details of the branch. 

Condition Codes: Not affected. 

Addressing Formats: 

See Table A-8. 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 
bytes of 
machine code 


Coding of First (or only) 
byte of machine code 


HEX. 


OCT. 


DEC. 


REL 


4 


2 


2F 


057 


047 
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Branch if Lower or Same BLS 

Operation: PC *- (PC) + 0002 + Rel if (C)O(Z) = 1 

i.e. if (ACCX) ^ (M) 
(unsigned binary numbers) 

Description: Causes a branch if (C is set) OR (Z is set). 

If the BLS instruction is executed immediately after execution of any of the 
instructions CBA, CMP, SBA, or SUB, the branch will occur if and only if the 
unsigned binary number represented by the minuend (i.e. ACCX) was less than 
or equal to the unsigned binary number represented by the subtrahend (i.e. M). 

See BRA instruction for details of the execution of the branch. 

Condition Codes: Not affected. 

Addressing Formats: 

See Table A-8. 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 
bytes of 
machine code 


Coding of First (or only) 
byte of machine code 


HEX. 


OCT. 


DEC. 


REL 


4 


2 


23 


043 


035 
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BLT 

Operation: 



Branch if Less than Zero 



PC *- (PC) + 0002 + Rel if (N) © (V) = 1 

i.e. if (ACCX) < (M) 
(two's complement numbers) 

Description: Causes a branch if (N is set and V is clear) OR (N is clear and V is set). 

If the BLT instruction is executed immediately after execution of any of the 
instructions CBA, CMP, SBA, or SUB, the branch will occur if and only if the two's 
complement number represented by the minuend (i.e. ACCX) was less than the 
two's complement number represented by the subtrahend (i.e. M). 

See BRA instruction for details of the branch. 

Condition Codes: Not affected. 

Addressing Formats: 

See Table A-8. 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 
bytes of 
machine code 


Coding of First (or only) 
byte of machine code 


HEX. 


OCT. 


DEC. 


REL 


4 


2 


2D 


055 


045 
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Branch if Minus 

Operation: PC<- (PC) + 0002 + Rel if (N) =1 

Description: Tests the state of the N bit and causes a branch if N is set 

See BRA instruction for details of the execution of the branch. 
Condition Codes: Not affected. 
Addressing Formats: 
See Table A-8. 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 
bytes of 
machine code 


Coding of First (or only) 
byte of machine code 


HEX. 


OCT. 


DEC. 


REL 


4 


2 


2B 


053 


043 



BMI 
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BNE Branch if Not Equal 

Operation: PC <~ (PC) + 0002 + Rel if (Z) = 0 

Description: Tests the state of the Z bit and causes a branch if the Z bit is clear. 

See BRA instruction for details of the execution of the branch. 
Condition Codes: Not affected. 
Addressing Formats: 
See Table A-8. 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 
bytes of 
machine code 


Coding of First (or only) 
byte of machine code 


HEX. 


OCT. 


DEC. 


REL 


4 


2 


26 


046 


038 
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Branch if Plus 

Operation: 
Description: 



BPL 



PC <- (PC) + 0002 + Rel if (N) =0 

Tests the state of the N bit and causes a branch if N is clear. 
See BRA instruction for details of the execution of the branch. 
Not affected. 



Condition Codes 
Addressing Formats 
See Table A-8. 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 







Number of 


Coding of First (or only) 
byte of machine code 


Addressing 
Modes 


Execution Time 
(No. of cycles) 


bytes of 
machine code 


HEX. 


OCT. 


DEC. 


REL 


4 


2 


2A 


052 


042 
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BRA 

Operation: 
Description: 



Condition Codes: 



Branch Always 

PC «- (PC) + 0002 + Rel 

Unconditional branch to the address given by the foregoing formula, in which R is 
the relative address stored as a two's complement number in the second byte of 
machine code corresponding to the branch instruction. 

Note: The source program specifies the destination of any branch instruction by 
its absolute address, either as a numerical value or as a symbol or expression 
which can be numerically evaluated by the assembler. The assembler obtains the 
relative address R from the absolute address and the current value of the program 
counter PC. 

Not affected. 



Addressing Formats: 
See Table A-8. 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 
bytes of 
machine code 


Coding of First (or only) 
byte of machine code 


HEX. 


OCT. 


DEC. 


REL 


4 


2 


20 


040 


032 
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Branch to Subroutine BSR 

Operation: PC +- (PC) + 0002 

1 (PCL) 

SP (SP) - 0001 
i (PCH) 

SP *- (SP) - 0001 
PC (PC) + Rel 

Description: The program counter is incremented by 2. The less significant byte of the contents 

of the program counter is pushed into the stack. The stack pointer is then 
decremented (by 1). The more significant byte of the contents of the program 
counter is then pushed into the stack. The stack pointer is again decremented (by 
1). A branch then occurs to the location specified by the program. 

See BRA instruction for details of the execution of the branch. 

Condition Codes: Not affected. 

Addressing Formats: 

See Table A-8. 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 
bytes of 
machine code 


Coding of First (or only) 
byte of machine code 


HEX. 


OCT. 


DEC. 


REL 


8 


2 


8D 


215 


141 









BRANCH TO SUBROUTINE EXAMPLE 








Memory 


Machine 


Assembler Language 








Location 


Code (Hex) 


Label Operator Operand 


A. 


Before 












PC 


< — 


$1000 


8D 


BSR CHARLI 








$1001 


50 






SP 




$EFFF 






B. 


After 












PC 




$1052 


★ * 


CHAR LI 




SP 


<— 


$EFFD 












$EFFE 


10 










$EFFF 


02 
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BVC Branch if Overflow Clear 

Operation: PC <- (PC) + 0002 + Rel if (V) = 0 

Description: Tests the state of the V bit and causes a branch if the V bit is clear. 

See BRA instruction for details of the execution of the branch. 
Condition Codes: Not affected. 
Addressing Formats: 
See Table A-8. 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 
bytes of 
machine code 


Coding 
byte ol 


of First (or only) 
f machine code 


HEX. 


OCT. 


DEC. 


REL 


4 


2 


28 


050 


040 
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Branch if Overflow Set BVS 

Operation: pc (PC) + 0002 + Rel if (V) =1 

Description: Tests the state of the V bit and causes a branch if the V bit is set. 

See BRA instruction for details of the execution of the branch. 
Condition Codes: Not affected. 
Addressing Formats: 
See Table A-8. 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 
bytes of 
machine code 


Coding 
byte ol 


of First (or only) 
f machine code 


HEX. 


OCT. 


DEC. 


REL 


4 


2 


29 


051 


041 
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CBA Compare Accumulators 

Operation: (ACCA) - (ACCB) 

Description: Compares the contents of ACCA and the contents of ACCB and sets the condition 

codes, which may be used for arithmetic and logical conditional branches. Both 
operands are unaffected. 

Condition Codes: H: Not affected. 

I: Not affected. 

N: Set if the most significant bit of the result of the subtraction would be set; 
cleared otherwise. 

Z: Set if all bits of the result of the subtraction would be cleared; cleared 
otherwise. 

V: Set if the subtraction would cause two's complement overflow; cleared 
otherwise. 

C: Set if the subtraction would require a borrow into the most significant bit of 
the result; clear otherwise. 

Boolean Formulae for Condition Codes: 

N = R 7 _ ^ 
Z = R7R6R5R4R3R2R1R0 
V = A7B7R7+A7B7R7 
C = A 7 -B 7 + B 7 -R7+R 7 -A 7 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 









Coding of First (or only) 


Addressing 


Execution Time 


Number of 


byte of machine code 


bytes of 








Modes 


(No. of cycles) 


machine code 


HEX. 


OCT. 


DEC. 


INHERENT 


2 


1 


11 


021 


017 
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Clear Carry 

Operation: 
Description: 
Condition Codes: 



CLC 



C bit «- 0 

Clears the carry bit in the processor condition codes register. 



H: 
I: 

N: 
Z: 
V: 
C: 



Not affected. 
Not affected. 
Not affected. 
Not affected. 
Not affected. 
Cleared 



Boolean Formulae for Condition Codes: 
C =0 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 







Number of 


Coding of First (or only) 
byte of machine code 


Addressing 
Modes 


Execution Time 
(No. of cycles) 


bytes of 
machine code 


HEX. 


OCT. 


DEC. 


INHERENT 


2 


1 


OC 


014 


012 
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CLI Clear Interrupt Mask 

Operation: I bit < — 0 

Description: Clears the interrupt mask bit in the processor condition codes register. This 
enables the microprocessor to service an interrupt from a peripheral device if 
signalled by a high state of the "Interrupt Request" control input. 



Condition Codes: H: 
I: 

N: 
Z: 
V: 
C: 



Not affected. 
Cleared. 
Not affected. 
Not affected. 
Not affected. 
Not affected. 



Boolean Formulae for Condition Codes: 
I =0 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 









Coding of First (or only) 


Addressing 


Execution Time 


Number of 


byte of machine code 


bytes of 








Modes 


(No. of cycles) 


machine code 


HEX. 


OCT. 


DEC. 


INHERENT 


2 


1 


0E 


016 


014 
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Clear 

Operation: 
or: 

Description: 
Condition Codes: 



CLR 



ACCX 00 
M ^-00 

The contents of ACCX or M are replaced with zeros. 

H: Not affected. 

I: Not affected. 

N: Cleared 

Z: Set 

V: Cleared 

C: Cleared 



Boolean Formulae for Condition Codes: 
N = 0 
Z = 1 
V = 0 
C =0 

Addressing Formats: 

See Table A-3. 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 
bytes of 
machine code 


Coding of First (or only) 
byte of machine code 


HEX. 


OCT. 


DEC. 


A 


2 


1 


4F 


117 


079 


B 


2 


1 


5F 


137 


095 


EXT 


6 


3 


7F 


177 


127 


IND 


7 


2 


6F 


157 


111 
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CLV Clear Two's Complement Overflow Bit 

Operation: V bit <- 0 

Description: Clears the two's complement overflow bit in the processor condition codes 

register. 

Condition Codes: H: Not affected. 

I: Not affected. 
N: Not affected. 
Z: Not affected. 
V: Cleared. 
C: Not affected. 

Boolean Formulae for Condition Codes: 
V =0 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 









Coding of First (or only) 


Addressing 


Execution Time 


Number of 


byte of machine code 


bytes of 








Modes 


(No. of cycles) 


machine code 


HEX. 


OCT. 


DEC. 


INHERENT 


2 


1 


OA 


012 


010 
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Compare 

Operation: 
Description: 



Condition Codes: 



CMP 

(ACCX) - (M) 

Compares the contents of ACCX and the contents of M and determines the 
condition codes, which may be used subsequently for controlling conditional 
branching. Both operands are unaffected. 



H: Not affected. 
I: Not affected. 

N: Set if the most significant bit of the result of the subtraction would be set; 
cleared otherwise. 

Z: Set if all bits of the result of the subtraction would be cleared; cleared 
otherwise. 

V: Set if the subtraction would cause two's complement overflow; cleared 
otherwise. 

C: Carry is set if the absolute value of the contents of memory is larger than the 
absolute value of the accumulator; reset otherwise. 

Boolean Formulae for Condition Codes: 
N=R 7 

Z = R7-R6-Rs-R4-R3-R2-Ri-Ro 

V = Xt-Mt-Rt+Xt-Mt-Rt 

C -X7 M7+M7 R7 + R7 X7 
Addressing Formats: 
See Table A-1. 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 
(DUAL OPERAND) 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 
bytes of 
machine code 


Coding of First (or only) 
byte of machine code 


HEX. 


OCT. 


DEC. 


A IMM 


2 


2 


81 


201 


129 


A DIR 


3 


2 


91 


221 


145 


A EXT 


4 


3 


B1 


261 


177 


A IND 


5 


2 


A1 


241 


161 


B IMM 


2 


2 


C1 


301 


193 


B DIR 


3 


2 


D1 


321 


209 


B EXT 


4 


3 


F1 


361 


241 


B IND 


5 


2 


E1 


341 


225 
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COM 

Operation: 
or: 

Description: 



Condition Codes: 



Complement 

ACCX «- - (ACCX) = FF - (ACCX) 
M <- « (M) = FF - (M) 

Replaces the contents of ACCX or M with its one's complement. (Each bit of the 
contents of ACCX or M is replaced with the complement of that bit.) 

H: Not affected. 

I: Not affected. 

N: Set if most significant bit of the result is set; cleared otherwise. 

Z: Set if all bits of the result are cleared; cleared otherwise. 

V: Cleared. 

C: Set. 



Boolean Formulae for Condition Codes: 
N = R 7 _ 

Z = R7R6R5R4R3R2R1R0 
V =0 
C = 1 

Addressing Formats: 

See Table A-3. 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 
bytes of 
machine code 


Coding of First (or only) 
byte of machine code 


HEX. 


OCT. 


DEC. 


A 


2 


1 


43 


103 


067 


B 


2 


1 


53 


123 


083 


EXT 


6 


3 


73 


163 


115 


IND 


7 


2 


63 


143 


099 
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Compare Index Register 

Operation: 



CPX 



(IXL) - (M + 1) 
(IXH)-(M) 

Description: The more significant byte of the contents of the index register is compared with 
the contents of the byte of memory at the address specified by the program. The 
less significant byte of the contents of the index register is compared with the 
contents of the next byte of memory, at one plus the address specified by the 
program. The Z bit is set or reset according to the results of these comparisons, 
and may be used subsequently for conditional branching. 

The N and V bits, though determined by this operation, are not intended for 
conditional branching. 

The C bit is not affected by this operation. 

Condition Codes: H: Not affected. 

I: Not affected. 

N: Set if the most significant bit of the result of the subtraction from the more 
significant byte of the index register would be set; cleared otherwise. 

Z: Set if all bits of the results of both subtractions would be cleared; cleared 
otherwise. 

V: Set if the subtraction from the more significant byte of the index register 

would cause two's complement overflow; cleared otherwise. 
C: Not affected. 

Boolean Formulae for Condition Codes: 

N = RH7 _ _ _ _ _____ 

Z = (RH 7 ^H 6: BH5^H4_RH3j1H2_RHi_RHo)- 
(RL7 • RUJRU • RU • RU • RL2 • RL1 • RU) 

V = IXH7M7RH7+IXH7M7RH7 
Addressing Formats: 
See Table A-5. 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 



Execution Time 
(No. of cycles) 



Number of 
bytes of 
machine code 



Coding of First (or only) 
byte of machine code 



HEX. 



OCT. 



DEC. 



IMM 
DIR 
EXT 
IND 



3 
4 
5 
6 



3 
2 
3 
2 



8C 
9C 
BC 
AC 



214 
234 
274 
254 



140 
156 
188 
172 
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DAA Decimal Adjust ACCA 

Operation: Adds hexadecimal numbers 00, 06, 60, or 66 to ACCA, and may also set 
the carry bit, as indicated in the following table: 



State of 








Number 


State of 


Chit 

w Ull 




Initial 
initial 


1 n\A/or 

LUWCI 


Added 


C-bit 


before 


Half-byte 


Half-carry 


to ACCA 


after 




DAA 


(bits 4-7) 


H-bit 


(bits 0-3) 


by DAA 


n a A 




[y*o\. i) 


(UOI.o) 






fPnl fit 


0 


0-9 


0 


0-9 


00 


0 


0 


0-8 


0 


A-F 


06 


0 


0 


0-9 


1 


0-3 


06 


0 


0 


A-F 


0 


0-9 


60 


1 


0 


9-F 


0 


A-F 


66 


1 


0 


A-F 


1 


0-3 


66 


1 


1 


0-2 


0 


0-9 


60 


1 


1 


0-2 


0 


A-F 


66 


1 


1 


0-3 


1 


0-3 


66 


1 



Note: Columns (1 ) through (4) of the above table represent all possible cases which can result from 
any of the operations ABA, ADD, or ADC, with initial carry either set or clear, applied to two 
binary-coded-decimal operands. The table shows hexadecimal values. 

Description: If the contents of ACCA and the state of the carry-borrow bit C and the half-carry bit H are 
all the result of applying any of the operations ABA, ADD, or ADC to binary-coded- 
decimal operands, with or without an initial carry, the DAA operation will function as 
follows. 

Subject to the above condition, the DAA operation will adjust the contents of ACCA and 
the C bit to represent the correct binary-coded-decimal sum and the correct state of the 
carry. 

Condition Codes: H: Not affected. 

I: Not affected. 

N: Set if most significant bit of the result is set; cleared otherwise. 
Z: Set if all bits of the result are cleared; cleared otherwise. 
V: Not defined. 

C: Set or reset according to the same rule as if the DAA and an immediately 
preceding ABA, ADD, or ADC were replaced by a hypothetical binary- 
coded-decimal addition. 

Boolean Formulae for Condition Codes: 
N = R 7 

Z = R7R6R5R4R3R2R1R0 
C = See table above. 
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Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 









Coding of First (or only) 


Addressing 


Execution Time 


Number of 


byte of machine code 


? bytes of 








Modes 


(No. of cycles) 


machine code 


HEX. 


OCT. 


DEC. 


INHERENT 


2 


1 


19 


031 


025 
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DEC 

Operation: 
or: 

Description: 



Condition Codes: 



Decrement 

ACCX (ACCX) - 01 
M <- (M) - 01 

Subtract one from the contents of ACCX or M. 

The N, Z, and V condition codes are set or reset according to the results of this 
operation. 

The C bit is not affected by the operation. 

H: 
I: 

N: 
Z: 
V: 



Not affected. 
Not affected. 

Set if most significant bit of the result is set; cleared otherwise. 
Set if all bits of the result are cleared; cleared otherwise. 
Set if there was two's complement overflow as a result of the operation; 
cleared otherwise. Two's complement overflow occurs if and only if (ACCX) 
or (M) was 80 before the operation. 
C: Not affected. 

Boolean Formulae for Condition Codes: 
N = R 7 _ 

Z = R7-R6-R5^5^4 _R3^2 Rr Ro 

V = X7X6X5X4X3X2X0 = R/ReRs- R4R3R2R1 Ro 
Addressing Formats: 

See Table A-3. 

Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 


Coding of First (or oniy) 
byte of machine code 




bytes of 
machine code 


HEX. 


OCT. 


DEC. 




A 


2 


1 


4A 


112 


074 




B 


2 


1 


5A 


132 


090 




EXT 


6 


3 


7A 


172 


122 




INO 


7 


2 


6A 


152 


106 
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Decrement Stack Pointer 

Operation: SP <- (SP) - 0001 

Description: Subtract one from the stack pointer. 

Condition Codes: Not affected. 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 
bytes of 
machine code 


Coding of First (or only) 
byte of machine code 


HEX. 


OCT. 


DEC. 


INHERENT 


4 


1 


34 


064 


052 
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DEX Decrement Index Register 

Operation: IX <- (IX) - 0001 

Description: Subtract one from the index register. 

Only the Z bit is set or reset according to the result of this operation. 

Condition Codes: H: Not affected. 

I: Not affected. 

N: Not affected. 

Z: Set if all bits of the result are cleared; cleared otherwise. 

V: Not affected. 

C: Not affected. 

Boolean Formulae for Condition Codes: 

Z = (^7 J^ej^sJ^ 

(RL7 • RL 6 • RU ■ RU RU ■ RL 2 • RLi • RLo) 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 
bytes of 
machine code 


Coding of First (or only) 
byte of machine code 


HEX. 


OCT. 


DEC. 


INHERENT 


4 


1 


09 


011 


009 
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Exclusive OR 

Operation: 
Description: 



Condition Codes: 



EOR 

ACCX <- (ACCX) ©(M) 

Perform logical "EXCLUSIVE OR" between the contents of ACCX and the 
contents of M, and place the result in ACCX. (Each bit of ACCX after the operation 
will be the logical "EXCLUSIVE OR" of the corresponding bit of M and ACCX 
before the operation.) 

H: Not affected. 

I: Not affected. 

N: Set if most significant bit of the result is set; cleared otherwise. 

Z: Set if all bits of the result are cleared; cleared otherwise. 

V: Cleared 

C: Not affected. 



Boolean Formulae for Condition Codes: 
N = R 7 _ 

Z = R7R6R5R4R3R2R1 
V = 0 



Addressing Formats: 
See Table A-1 . 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 
bytes of 
machine code 


Coding of First (or only) 
byte of machine code 


HEX. 


OCT. 


DEC. 


A IMM 


2 


2 


88 


210 


136 


A DIR 


3 


2 


98 


230 


152 


A EXT 


4 


3 


B8 


270 


184 


A IND 


5 


2 


A8 


250 


168 


B IMM 


2 


2 


C8 


310 


200 


B DIR 


3 


2 


D8 


330 


216 


B EXT 


4 


3 


F8 


370 


248 


B IND 


5 


2 


E8 


350 


232 
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INC 



Increment 



Description: 



Condition Codes: 



Operation: ACCX «- (ACCX) + 01 

or: M «- (M) + 01 

Add one to the contents of ACCX or M. 

The N, Z, and V condition codes are set or reset according to the results of this 
operation. 

The C bit is not affected by the operation. 

H: Not affected. 
Not affected. 

Set if most significant bit of the result is set; cleared otherwise. 
Set if all bits of the result are cleared; cleared otherwise. 
Set if there was two's complement overflow as a result of the operation; 
cleared otherwise. Two's complement overflow will occur if and only if 
(ACCX) or (M) was 7F before the operation. 
Not affected. 

Boolean Formulae for Condition Codes: 

N =R? _______ 

Z = RyReRsRA-RaRa-RiRo 

V = X7'X6*X5* X4*X3*X2*Xl Xo 

C = R7-R6-Rs-R4-R3-R2-Ri-Ro 
Addressing Formats: 
See Table A-3. 



I: 

N: 
Z: 
V: 



C: 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 
bytes of 
machine code 


Coding of First (or only) 
byte of machine code 


HEX. 


OCT. 


DEC. 


A 


2 


1 


4C 


114 


076 


B 


2 


1 


5C 


134 


092 


EXT 


6 


3 


7C 


174 


124 


INO 


7 


2 


6C 


154 


108 
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Increment Stack Pointer INS 

Operation: SP «- (SP) + 0001 

Description: Add one to the stack pointer. 

Condition Codes: Not affected. 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 







Number of 


Coding of First (or only) 
byte of machine code 


Addressing 
Modes 


Execution Time 
(No. of cycles) 


bytes of 
machine code 


HEX. 


OCT. 


DEC. 


INHERENT 


4 


1 


31 


061 


049 
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INX Increment Index Register 

Operation: IX (IX) + 0001 

Description: Add one to the index register. 

Only the Z bit is set or reset according to the result of this operation. 

Condition Codes: H: Not affected. 

I: Not affected. 

N: Not affected. 

Z: Set if all 16 bits of the result are cleared; cleared otherwise. 

V: Not affected. 

C: Not affected. 

Boolean Formulae for Condition Codes: ^ 

Z = (RH7 • RFle ^ 5 ^^4jRH 3_^^RH^ RH 0 ) • 
(RL7 RU RLs ^ RL3 RL2 RLi RU) 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 




Number of 


Coding of First (or only) 
byte of machine code 


Execution Time 
(No. of cycles) 


bytes of 
machine code 


HEX. 


OCT. 


DEC. 


INHERENT 


4 


1 


08 


010 


008 
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Jump JMP 

Operation: PC <- numerical address 

Description: A jump occurs to the instruction stored at the numerical address. The numerical 

address is obtained according to the rules for EXTended or INDexed addressing. 

Condition Codes: Not affected. 

Addressing Formats: 

See Table A-7. 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 









Coding of First (or only) 






Number of 


byte of machine code 


Addressing 


Execution Time 


bytes of 








Modes 


(No. of cycles) 


machine code 


HEX. 


OCT. 


DEC. 


EXT 


3 


3 


7E 


176 


126 


IND 


4 


2 


6E 


156 


110 
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JSR 

Operation: 

Either: 

or: 

Then: 



Description: 



Condition Codes: 



Jump to Subroutine 

PC «- (PC) + 0003 (for EXTended addressing) 
PC (PC) + 0002 (for INDexed addressing) 
1 (PCL) 

SP <- (SP) - 0001 
1 (PCH) 

SP <- (SP) - 0001 

PC <- numerical address 

The program counter is incremented by 3 or by 2, depending on the addressing 
mode, and is then pushed onto the stack, eight bits at a time. The stack pointer 
points to the next empty location in the stack. A jump occurs to the instruction 
stored at the numerical address. The numerical address is obtained according to 
the rules for EXTended or INDexed addressing. 

Not affected. 



Addressing Formats: 
See Table A-7. 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 









Coding of First (or only) 






Number of 


byte of machine code 


Addressing 


Execution Time 


bytes of 








Modes 


(No. of cycles) 


machine code 


HEX. 


OCT. 


DEC. 


EXT 


9 


3 


BD 


275 


189 


IND 


8 


2 


AD 


255 


173 



JUMP TO SUBROUTINE EXAMPLE (extended mode) 



Before: 
PC 



SP 



Memory Machine Assembler Language 

Location Code (Hex) Label Operator Operand 



$0FFF 
$1000 
$1001 

$EFFF 



BD 
20 
77 



JSR 



CHARLI 



B. 



After: 
PC 

SP 



$2077 

$EFFD 
$EFFE 
$EFFF 



10 
02 



CHARLI 
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Load Accumulator 



LDA 



Operation: 
Description: 

Condition Codes: 



ACCX <- (M) 

Loads the contents of memory into the accumulator. The condition codes are set 
according to the data. 

H: Not affected. 

I: Not affected. 

N: Set if most significant bit of the result is set; cleared otherwise. 

Z: Set if all bits of the result are cleared; cleared otherwise. 

V: Cleared. 

C: Not affected. 



Boolean Formulae for Condition Codes: 

N = R 7 ______ 

Z = Rz-Re-Rs-R^Ra-Ra-RvRo 
V =0 

Addressing Formats: 

See Table A-1 . 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



(DUAL OPERAND) 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 
bytes of 
machine code 


Coding of First (or only) 
byte of machine code 


HEX. 


OCT. 


DEC. 


A IMM 


2 


2 


86 


206 


134 


A DIR 


3 


2 


96 


226 


150 


A EXT 


4 


3 


B6 


266 


182 


A IND 


5 


2 


A6 


246 


166 


B IMM 


2 


2 


C6 


306 


198 


B DIR 


3 


2 


D6 


326 


214 


B EXT 


4 


3 


F6 


366 


246 


B INO 


5 


2 


E6 


346 


230 
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LDS Load Stack Pointer 

Operation: SPH (M) 

SPL+-(M + 1) 

Description: Loads the more significant byte of the stack pointer from the byte of memory at the 

address specified by the program, and loads the less significant byte of the stack 
pointer from the next byte of memory, at one plus the address specified by the 
program. 

Condition Codes: H: Not affected. 

I: Not affected. 

N: Set if the most significant bit of the stack pointer is set by the operation; 
cleared otherwise. 

Z: Set if all bits of the stack pointer are cleared by the operation; cleared 

otherwise. 
V: Cleared. 
C: Not affected. 

Boolean Formulae for Condition Codes: 

N = R J± _ _ _ _ _ _ _ 

Z = (^T-RHe-^Hs^H^H^RH^Hr RHo)- 

(RL 7 -RURURURURL 2 RLiRU) 
V = 0 

Addressing Formats: 

See Table A-5. 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 
bytes of 
machine code 


Coding of First (or only) 
byte of machine code 


HEX. 


OCT. 


DEC. 


IMM 


3 


3 


8E 


216 


142 


DIR 


4 


2 


9E 


236 


158 


EXT 


5 


3 


BE 


276 


190 


IND 


6 


2 


AE 


256 


174 
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Load Index Register 

Operation: 



LDX 



Description: 



Condition Codes: 



IXH (M) 
IXL <-(M + 1) 

Loads the more significant byte of the index register from the byte of memory at 
the address specified by the program, and loads the less significant byte of the 
index register from the next byte of memory, at one plus the address specified by 
the program. 

H: Not affected. 
I: Not affected. 

N: Set if the most significant bit of the index register is set by the operation; 
cleared otherwise. 

Z: Set if all bits of the index register are cleared by the operation; cleared 

otherwise. 
V: Cleared. 
C: Not affected. 

Boolean Formulae for Condition Codes: 

N = RH7 _ _ _ _ 

Z = (^Hy ^He^Hs^H^H^R^RHv RH 0 )- 

(RL 7 ■ RLe • RLs • RU • RU • RU • RLi • RLo) 
V = 0 

Addressing Formats: 

See Table A-5. 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 


Coding of First (or only) 
byte of machine code 


bytes of 
machine code 


HEX. 


OCT. 


DEC. 


IMM 


3 


3 


CE 


316 


206 


DIR 


4 


2 


DE 


336 


222 


EXT 


5 


3 


FE 


376 


254 


IND 


6 


2 


EE 


356 


238 
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LSR 

Operation: 



Description: 



Condition Codes: 



Logical Shift Right 



b 7 



bo 



Shifts all bits of ACCX or M one place to the right. Bit 7 is loaded with a zero. The C 
bit is loaded from the least significant bit of ACCX or M. 

H: Not affected. 
I: Not affected. 
N: Cleared. 

Z: Set if all bits of the result are cleared; cleared otherwise. 

V: Set if, after the completion of the shift operation, EITHER (N is set and C is 

cleared) OR (N is cleared and C is set); cleared otherwise. 
C: Set if, before the operation, the least significant bit of the ACCX or M was set; 

cleared otherwise. 



Boolean Formulae for Condition Codes: 



N = 0 

Z = R7R6R5R4R3R2JVR0 
V = N © C = [N-C]0[N-C] 

(the foregoing formula assumes values of N and C after the shift operation). 
C = Mo 



Addressing Formats: 
See Table A-3. 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 


Coding of First (or only) 
byte of machine code 


bytes of 
machine code 


HEX. 


OCT. 


DEC. 


A 


2 


1 


44 


104 


068 


B 


2 


1 


54 


124 


084 


EXT 


6 


3 


74 


164 


116 


IND 


7 


2 


64 


144 


100 
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Negate NEG 

Operation: ACCX <- - (ACCX) = 00 - (ACCX) 

or: M «- - (M) = 00 - (M) 

Description: Replaces the contents of ACCX or M with its two's complement. Note that 80 is left 

unchanged. 

Condition Codes: H: Not affected. 

I: Not affected. 

Set if most significant bit of the result is set; cleared otherwise. 
Set if all bits of the result are cleared; cleared otherwise. 
Set if there would be two's complement overflow as a result of the implied 
subtraction from zero; this will occur if and only if the contents of ACCX or M 
is 80. 

Set if there would be a borrow in the implied subtraction from zero; the C bit 
will be set in all cases except when the contents of ACCX or M is 00. 

Boolean Formulae for Condition Codes: 
N=R 7 ^ 

Z = R7-R6-Rs-R4*R3-R2-Ri-Ro 

V = R7 • R6 • Rs • R4 • R3 • R2 • Ri • Ro 

C = R7+R6+R5 + R4 + R3+R2 + R1+R0 
Addressing Formats: 
See Table A-3. 



N: 
Z: 
V: 



C: 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 


Coding of First (or only) 
byte of machine code 


bytes of 
machine code 


HEX. 


OCT. 


DEC. 


A 


2 


1 


40 


100 


064 


B 


2 


1 


50 


120 


080 


EXT 


6 


3 


70 


160 


112 


IND 


7 


2 


60 


140 


096 
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NOP No Operation 

Description: This is a single-word instruction which causes only the program counter to 
be incremented. No other registers are affected. 

Condition Codes: Not affected. 

Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 









Coding of First (or only) 


Addressing 


Execution Time 


Number of 


byte of machine code 


bytes of 








Modes 


(No. of cycles) 


machine code 


HEX. 


OCT. 


DEC. 


INHERENT 


2 


1 


01 


001 


001 
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ORA 

ACCX <- (ACCX)O(M) 

Perform logical "OR" between the contents of ACCX and the contents of M and 
places the result in ACCX. (Each bit of ACCX after the operation will be the logical 
"OR" of the corresponding bits of M and of ACCX before the operation). 

H: Not affected. 

I: Not affected. 

N: Set if most significant bit of the result is set; cleared otherwise. 

Z: Set if all bits of the result are cleared; cleared otherwise. 

V: Cleared. 

C: Not affected. 

Boolean Formulae for Condition Codes: 
N=R 7 _ 

Z = R7-R6-R5-R4-R3'R2-RvRo 
V =0 

Addressing Formats: 

See Table A-1. 

Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



(DUAL OPERAND) 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 
bytes of 
machine code 


Coding of First (or only) 
byte of machine code 


HEX. 


OCT. 


DEC. 


A IMM 


2 


2 


8A 


212 


138 


A DIR 


3 


2 


9A 


232 


154 


A EXT 


4 


3 


BA 


272 


186 


A IND 


5 


2 


AA 


252 


170 


B IMM 


2 


2 


CA 


312 


202 


B DIR 


3 


2 


DA 


332 


218 


B EXT 


4 


3 


FA 


372 


250 


B IND 


5 


2 


EA 


352 


234 



Inclusive OR 

Operation: 
Description: 

Condition Codes: 
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PSH Push Data Onto Stack 

Operation: j (ACCX) 

SP (SP) - 0001 

Description : The contents of ACCX is stored in the stack at the address contained in the stack 
pointer. The stack pointer is then decremented. 

Condition Codes: Not affected. 

Addressing Formats: 

See Table A-4. 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 









Coding of First (or only) 


Addressing 


Execution Time 


Number of 


byte of machine code 


bytes of 








Modes 


(No. of cycles) 


machine code 


HEX. 


OCT. 


DEC. 


A 


4 


1 


36 


066 


054 


B 


4 


1 


37 


067 


055 
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Pull Data from Stack PUL 

Operation: SP <- (SP) + 0001 

t ACCX 

Description: The stack pointer is incremented. The ACCX is then loaded from the stack, from 

the address which is contained in the stack pointer. 

Condition Codes: Not affected. 

Addressing Formats: 

See Table A-4. 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 









Coding of First (or only) 


Addressing 




Number of 


byte of machine code 


Execution Time 


bytes of 








Modes 


(No. of cycles) 


machine code 


HEX. 


OCT. 


DEC. 


A 


4 


1 


32 


062 


050 


B 


4 


1 


33 


063 


051 



t 
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ROL 



Rotate Left 



Operation: 



Description: 



Condition Codes: 



b7 bo 

Shifts all bits of ACCX or M one place to the left. Bit 0 is loaded from the C bit. The 
C bit is loaded from the most significant bit of ACCX or M. 

H: Not affected. 
I: Not affected. 

N: Set if most significant bit of the result is set; cleared otherwise. 

Z: Set if all bits of the result are cleared; cleared otherwise. 

V: Set if, after the completion of the operation, EITHER (N is set and C is 

cleared) OR (N is cleared and C is set); cleared otherwise. 
C: Set if, before the operation, the most significant bit of the ACCX or M was set; 

cleared otherwise. 

Boolean Formulae for Condition Codes: 
N = R 7 _ 

Z = R7R6R5R4R3R2R1R0 
V = N ©C = [N-C]Q[N-C] 

(the foregoing formula assumes values of N and C after the rotation) 
C = M 7 

Addressing Formats: 

See Table A-3 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 
bytes of 
machine code 


Coding of First (or only) 
byte of machine code 


HEX. 


OCT. 


DEC. 


A 


2 


1 


49 


111 


073 


B 


2 


1 


59 


131 


089 


EXT 


6 


3 


79 


171 


121 


IND 


7 


2 


69 


151 


105 
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Rotate Right 

Operation: 



Description: 



ROR 



by 



bo 



Shifts all bits of ACCX or M one place to the right. Bit 7 is loaded from the C bit. The 
C bit is loaded from the least significant bit of ACCX or M. 



Condition Codes: H: Not affected. 

I: Not affected. 

N: Set if most significant bit of the result is set; cleared otherwise. 

Z: Set if all bits of the result are cleared; cleared otherwise. 

V: Set if, after the completion of the operation, EITHER (N is set and C is 

cleared) OR (N is cleared and C is set); cleared otherwise. 
C: Set if, before the operation, the least significant bit of the ACCX or M was set; 

cleared otherwise. 
Boolean Formulae for Condition Codes: 

N=R 7 _____ 

Z = R7-R6-R5-R4-R3-R2-_Ri-Ro 

V = N © C = [N-CjOtN-C] 

(the foregoing formula assumes values of N and C after the rotation) 
C - Mo 

Addressing Formats: 

See Table A-3 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 
bytes of 
machine code 


Coding of First (or only) 
byte of machine code 


HEX. 


OCT. 


DEC. 


A 


2 


1 


46 


106 


070 


B 


2 


1 


56 


126 


086 


EXT 


6 


3 


76 


166 


118 


IND 


7 


2 


66 


146 


102 
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RTI 

Operation: 



Description: 



Condition Codes: 



Return from Interrupt 

SP <- (SP) + 0001 , tec 
SP <- (SP) + 0001 , TACCB 
SP <- (SP) + 0001 , TACCA 
SP +- (SP) + 0001 , TIXH 
SP +- (SP) + 0001 , TIXL 
SP <- (SP) + 0001 , TPCH 
SP <- (SP) + 0001 , TPCL 

The condition codes, accumulators B and A, the index register, and the program 
counter, will be restored to a state pulled from the stack. Note that the interrupt 
mask bit will be reset if and only if the corresponding bit stored in the stack is zero. 

Restored to the states pulled from the stack. 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 
bytes of 
machine code 


Coding of First (or only) 
byte of machine code 


HEX. 


OCT. 


DEC. 


INHERENT 


10 


1 


3B 


073 


059 



Return from Interrupt 

Example 





Memory 


Machine 


Assembler Language 




Location 


Code (Hex) 


Label Operator Operand 


A. Before 








PC 


— $D066 


3B 


RTI 


SP 


$EFF8 








$EFF9 


11HINZVC 


(binary) 




$EFFA 


12 






$EFFB 


34 






$EFFC 


56 






$EFFD 


78 






$EFFE 


55 






$EFFF 


67 




B. After 








PC 


— $5567 
$EFF8 


** 


+** ***** 




$EFF9 


1 1 HINZVC 


(binary) 




$EFFA 


12 






$EFFB 


34 






$EFFC 


56 






$EFFD 


78 






$EFFE 


55 




SP 


$EFFF 


67 





CC = HINZVC (binary) 

ACCB = 12 (Hex) IXH = 56 (Hex) 

ACCA - 34 (Hex) IXL = 78 (Hex) 
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Return from Subroutine RTS 

Operation: SP *- (SP) + 0001 

T PCH 

SP +- (SP) + 0001 
T PCL 

Description: The stack pointer is incremented (by 1). The contents of the byte of memory, at the 
address now contained in the stack pointer, are loaded into the 8 bits of highest 
significance in the program counter. The stack pointer is again incremented (by 
1 ). The contents of the byte of memory, at the address now contained in the stack 
pointer, are loaded into the 8 bits of lowest significiance in the program counter. 

Condition Codes: Not affected. 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 
bytes of 
machine code 


Coding 
byte ol 


of First (or only) 
machine code 


HEX. 


OCT. 


DEC. 


INHERENT 


5 


1 


39 


071 


057 



Return from Subroutine 



EXAMPLE 







Memory 
Location 


Machine 
Code (Hex) 


Assembler Language 
Label Operator Operand 


A. 


Before 
PC 


$30A2 


39 


RTS 




SP 


$EFFD 
$EFFE 
$EFFF 


10 
02 




B. 


After 

PC 


$1002 


** 


*** ***** 




SP 


$EFFD 
$EFFE 
$EFFF 


10 
02 





SBA 



Subtract Accumulators 



Operation: 
Description: 

Condition Codes: 



ACCA <- (ACCA) - (ACCB) 

Subtracts the contents of ACCB from the contents of ACCA and places the result 
in ACCA. The contents of ACCB are not affected. 



H: Not affected. 

I: Not affected. 

N: Set if most significant bit of the result is set; cleared otherwise. 

Z: Set if all bits of the result are cleared; cleared otherwise. 

V: Set if there was two's complement overflow as a result of the operation. 

C: Carry is set if the absolute value of accumulator B plus previous carry is 
larger than the absolute value of accumulator A; reset otherwise. 

Boolean Formulae for Condition Codes: 
N = R 7 _ 

Z = R7R6R5R4R3R2R1R0 
V = A7B7R7+A7B7R7 
C = A7B7+B7R7+R7A7 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 









Coding of First (or only) 


Addressing 


Execution Time 


Number of 


byte of machine code 


bytes of 








Modes 


(No. of cycles) 


machine code 


HEX. 


OCT. 


DEC. 


INHERENT 


2 


1 


10 


020 


016 
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Subtract with Carry 



SBC 



Operation: ACCX +- (ACCX) - (M) - (C) 

Description: Subtracts the contents of M and C from the contents of ACCX and places the 
result in ACCX. 

Condition Codes: H: Not affected. 

I: Not affected. 

N: Set if most significant bit of the result is set; cleared otherwise. 
Z: Set if all bits of the result are cleared; cleared otherwise. 
V: Set if there was two's complement overflow as a result of the operation; 
cleared otherwise. 

C: Carry is set if the absolute value of the contents of memory plus previous 
carry is larger than the absolute value of the accumulator; reset otherwise. 

Boolean Formulae for Condition Codes: 
N = R 7 

Z = R7R6R5FVR3R2R1R0 
V = X7M7R7+X7M7R7 
C =X7-M 7 +M 7 -R7+R7-X7 

Addressing Formats: 

See Table A-1 . 

Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 
(DUAL OPERAND) 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 
bytes of 
machine code 


Coding of First (or only) 
byte of machine code 


HEX. 


OCT. 


DEC. 


A IMM 


2 


2 


82 


202 


130 


A DIR 


3 


2 


92 


222 


146 


A EXT 


4 


3 


B2 


262 


178 


A IND 


5 


2 


A2 


242 


162 


B IMM 


2 


2 


C2 


302 


194 


B DIR 


3 


2 


D2 


322 


210 


B EXT 


4 


3 


F2 


362 


242 


B IND 


5 


2 


E2 


342 


226 
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Set Carry 



Operation: 
Description: 
Condition Codes: 



C bit ^ 1 

Sets the carry bit in the processor condition codes register. 

H: Not affected. 
I: Not affected. 
N: Not affected. 
Z: Not affected. 
V: Not affected. 
C: Set. 

Boolean Formulae for Condition Codes: 
C = 1 

Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 









Coding of First (or only) 


Addressing 


Execution Time 


Number of 


byte of machine code 


bytes of 








Modes 


(No. of cycles) 


machine code 


HEX. 


OCT. 


DEC. 


INHERENT 


2 


1 


OD 


015 


013 
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Set Interrupt Mask 



SEI 



Operation: 
Description: 



Condition Codes: 



I bit «- 1 



Sets the interrupt mask bit in the processor condition codes register. The microp- 
rocessor is inhibited from servicing an interrupt from a peripheral device, and will 
continue with execution of the instructions of the program, until the interrupt mask 
bit has been cleared. 



H: 
I: 

N: 
Z: 
V: 
C: 



Not affected. 
Set. 

Not affected. 
Not affected. 
Not affected. 
Not affected. 



Boolean Formulae for Condition Codes: 
I =-1 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 









Coding of First (or only) 


Addressing 


Execution Time 


Number of 


byte of machine code 


bytes of 








Modes 


(No. of cycles) 


machine code 


HEX. 


OCT. 


DEC. 


INHERENT 


2 


1 


OF 


017 


015 
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SEV Set Two's Complement Overflow Bit 

Operation: V bit *- 1 

Description: Sets the two's complement overflow bit in the processor condition codes register. 

Condition Codes: H: Not affected. 

I: Not affected. 

N: Not affected. 

Z: Not affected. 

V: Set. 

C: Not affected. 

Boolean Formulae for Condition Codes: 
V = 1 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 









Coding of First (or only) 


Addressing 


Execution Time 


Number of 


byte of machine code 


bytes of 








Modes 


(No. of cycles) 


machine code 


HEX. 


OCT. 


DEC. 


INHERENT 


2 


1 


OB 


013 


011 
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Store Accumulator STA 

Operation: M «- (ACCX) 

Description: Stores the contents of ACCX in memory. The contents of ACCX remains un- 
changed. 

Condition Codes: H: Not affected. 

I: Not affected. 

N: Set if the most significant bit of the contents of ACCX is set; cleared 
otherwise. 

Z: Set if all bits of the contents of ACCX are cleared; cleared otherwise. 
V: Cleared. 
C: Not affected. 

Boolean Formulae for Condition Codes: 
N = X 7 _ 

Z = X7-X6"X5'X4'X3'X2'Xl -Xo 

V =0 
Addressing Formats: 
See Table A-2. 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 
bytes of 
machine code 


Coding of First (or only) 
byte of machine code 


HEX. 


OCT. 


DEC. 


A OIR 


4 


2 


97 


227 


151 


A EXT 


5 


3 


B7 


267 


183 


A INO 


6 


2 


A7 


247 


167 


B OIR 


4 


2 


D7 


327 


215 


B EXT 


5 


3 


F7 


367 


247 


B IND 


6 


2 


E7 


347 


231 
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STS 

Operation: 



Description: 



Condition Codes: 



Store Stack Pointer 

M <- (SPH) 
M + 1 «- (SPL) 

Stores the more significant byte of the stack pointer in memory at the address 
specified by the program, and stores the less significant byte of the stack pointer 
at the next location in memory, at one plus the address specified by the program. 

H: Not affected. 

I: Not affected. 

N: Set if the most significant bit of the stack pointer is set; cleared otherwise. 

Z: Set if all bits of the stack pointer are cleared; cleared otherwise. 

V: Cleared. 

C: Not affected. 



Boolean Formulae for Condition Codes: 

N = SPH7 

Z = (SPHr-SPHs-SPHs-SPhU-SPhb 



_SPH2-SPHi-SPH 0 )- 

(SPLr • SPU • SPU • SPU • SPU ■ SPL 2 • SPLi ■ SPU) 
V =0 



Addressing Formats: 
See Table A-6. 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 
bytes of 
machine code 


Coding of First (or only) 
byte of machine code 


HEX. 


OCT. 


DEC. 


DIR 


5 


2 


9F 


237 


159 


EXT 


6 


3 


BF 


277 


191 


IND 


7 


2 


AF 


257 


175 
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Store Index Register 

Operation: 



STX 



Description: 



Condition Codes: 



M «- (IXH) 
M + 1 <- (IXL) 

Stores the more significant byte of the index register in memory at the address 
specified by the program, and stores the less significant byte of the index register 
at the next location in memory, at one plus the address specified by the program. 

H: Not affected. 

I: Not affected. 

N: Set if the most significant bite of the index register is set; cleared otherwise. 

Z: Set if all bits of the index register are cleared; cleared otherwise. 

V: Cleared. 

C: Not affected. 

Boolean Formulae for Condition Codes: 

N = IXH7 _ _ 

Z = (IXH7 J^eJXHsJ^ 

(IXL7 • IXLe ■ IXLs • IXU • IXU • IXL2 • IXL1 • IXLo) 
V =0 

Addressing Formats: 

See Table A-6. 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 
bytes of 
machine code 


Coding of First (or only) 
byte of machine code 


HEX. 


OCT. 


DEC. 


DIR 




5 


2 


DF 


337 


223 


EXT 




6 


3 


FF 


377 


255 


IND 




7 


2 


EF 


357 


239 
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SUB 

Operation: 
Description: 



Subtract 



Condition Codes: 



ACCX «- (ACCX) - (M) 

Subtracts the contents of M from the contents of ACCX and places the result in 
ACCX. 

H: Not affected. 
I: Not affected. 

N: Set if most significant bit of the result is set; cleared otherwise. 
2: Set if all bits of the result are cleared; cleared otherwise. 
V: Set if there was two's complement overflow as a result of the operation; 
cleared otherwise. 

C: Set if the absolute value of the contents of memory are larger than the 
absolute value of the accumulator; reset otherwise. 
Boolean Formulae for Condition Codes: 
N = R 7 _ 

2 = R7-R6-R5-R4-R3-R2-Ri-Ro 
V =X7-M 7 -R7-X7-M7-R L 

C =X7-M7 + M7<R7 + R7'X7 

Addressing Formats: 
See Table A-1 . 

Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 
(DUAL OPERAND) 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 
bytes of 
machine code 


Coding of First (or only) 
byte of machine code 


HEX. 


OCT. 


DEC. 


A IMM 


2 


2 


80 


200 


128 


A DIR 


3 


2 


90 


220 


144 


A EXT 


4 


3 


BO 


260 


176 


A IND 


5 


2 


AO 


240 


160 


B IMM 


2 


2 


CO 


300 


192 


B DIR 


3 


2 


DO 


320 


208 


B EXT 


4 


3 


F0 


360 


240 


B IND 


5 


2 


EO 


340 


224 
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Software Interrupt SWI 

Operation: PC <- (PC) + 0001 

I (PCL) , SP (SP)-0001 
I (PCH) , SP «- (SP)-0001 
i (IXL) , SP «- (SP)-0001 
i (IXH) , SP (SP)-0001 
1 (ACCA) , SP «- (SP)-0001 
I (ACCB) , SP «- (SP)-0001 
I (CC) , SP «- (SP)-0001 
I <- 1 

PCH «- (n-0005) 
PCL <- (n-0004) 

Description: The program counter is incremented (by 1 ). The program counter, index register, 

and accumulator A and B, are pushed into the stack. The condition codes register 
is then pushed into the stack, with condition codes H, I, N, Z, V, C going 
respectively into bit positions 5 thru 0, and the top two bits (in bit positions 7 and 6) 
are set (to the 1 state). The stack pointer is decremented (by 1 ) after each byte of 
data is stored in the stack. 

The interrupt mask bit is then set. The program counter is then loaded with the 
address stored in the software interrupt pointer at memory locations (n-5) and 
(n-4), where n is the address corresponding to a high state on all lines of the 
address bus. 

Condition Codes: H: Not affected. 

I: Set. 

N: Not affected. 

Z: Not affected. 

V: Not affected. 

C: Not affected. 

Boolean Formula for Condition Codes: 
I = 1 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 
bytes of 
machine code 


Coding 
byte ol 


of First (or only) 
r machine code 


HEX. 


OCT. 


DEC. 


INHERENT 


12 


1 


3F 


077 


063 
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Software Interrupt 
EXAMPLE 

A. Before: 



CC = HINZVC (binary) 






ACCB = 12 (Hex) 


IXH = 56 (Hex) 




ACCA = 34 (Hex) 


IXL = 78 (Hex) 




Memory 


Machine 


Assembler Language 


Location 


Code (Hex) 


Label Operator Operand 


PC $5566 


3F 


SWI 


SP $EFFF 






$FFFA 


DO 




$FFFB 


55 





B. After: 

PC — $D055 
SP $EFF8 
$EFF9 
$EFFA 
$EFFB 
$EFFC 
$EFFD 
$EFFE 

$EFFF 

Note: This example assumes that FFFF is the memory location addressed when all lines of the 
address bus go to the high state. 



11 HINZVC (binary) 
12 
34 
56 
78 
55 
67 
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Transfer from Accumulator A to Accumulator B TAB 

Operation: ACCB <- (ACCA) 

Description: Moves the contents of ACCA to ACCB. The former contents of ACCB are lost. 

The contents of ACCA are not affected. 
Condition Codes: H: Not affected. 

I: Not affected. 

N: Set if the most significant bit of the contents of the accumulator is set; cleared 
otherwise. 

Z: Set if all bits of the contents of the accumulator are cleared; cleared other- 
wise. 
V: Cleared. 
C: Not affected. 

Boolean Formulae for Condition Codes: 
N = R 7 _ 

Z = R7-R6-R5'R4-R3'R2'RVRo 

V =0 

Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 
bytes of 
machine code 


Coding of First (or only) 
byte of machine code 


HEX. 


OCT. 


DEC. 


INHERENT 


2 


1 


16 


026 


022 
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TAP 

Operation: 



Description: 



Condition Codes: 



Transfer from Accumulator A 
to Processor Condition Codes Register 



CC <~ (ACCA) 

Bit Positions 
7 6 5 4 3 2 



1 0 



****** 



H 



N Z V C 



ACCA 
CC 

Carry-Borrow 
• Overflow 



(Two's Complement) 

Zero 

Negative 

Interrupt Mask 

Half Carry 

Transfers the contents of bit positions 0 thru 5 of accumulator A to the correspond- 
ing bit positions of the processor condition codes register. The contents of 
accumulator A remain unchanged. 

Set or reset according to the contents of the respective bits 0 thru 5 of accumulator 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 




Number of 


Coding of First (or only) 
byte of machine code 


Execution Time 
(No. of cycles) 


bytes of 
machine code 


HEX. 


OCT. 


DEC. 


INHERENT 


2 


1 


06 


006 


006 
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Transfer from Accumulator B to Accumulator A 



TBA 



Operation: 
Description: 

Condition Codes: 



ACCA (ACCB) 

Moves the contents of ACCB to ACCA. The former contents of ACCA are lost. 
The contents of ACCB are not affected. 

H: Not affected. 

I: Not affected. 

N: Set if the most significant accumulator bit is set; cleared otherwise. 

Z: Set if all accumulator bits are cleared; cleared otherwise. 

V: Cleared. 

C: Not affected. 

Boolean Formulae for Condition Codes: 
N=R 7 _ 

Z = R7-R6-R5-R4'R3-R2-Ri-Ro 
V =0 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 









Coding of First (or only) 


Addressing 


Execution Time 


Number of 


byte of machine code 


bytes of 








Modes 


(No. of cycles) 


machine code 


HEX. 


OCT. 


DEC. 


INHERENT 


2 


1 


17 


027 


023 
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TPA 

Operation: 



Transfer from Processor Condition Codes Register to 

Accumulator A 



ACCA «- (CC) 



Bit Positions 
7 6 5 4 3 2 1 0 



H 



ACCA 



.rrrr 

INIZIVIC] CC 



Carry-Borrow 
Overflow 

(Two's Complement) 
Zero 
Negative 
Interrupt Mask 
Half Carry 



Description: Transfers the contents of the processor condition codes register to corresponding 
bit positions 0 thru 5 of accumulator A. Bit positions 6 and 7 of accumulator A are 
set (i.e. go to the "1" state). The processor condition codes register remains 
unchanged. 

Condition Codes: Not affected. 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 


Coding of First (or only) 
byte of machine code 


bytes of 
machine code 


HEX. 


OCT. 


DEC. 


INHERENT 


2 


1 


07 


007 


007 
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Test 

Operation: 



TST 



(ACCX) - 00 
(M) - 00 

Description: Set condition codes N and Z according to the contents of ACCX or M. 
Condition Codes: H: Not affected. 

I: Not affected. 

N: Set if most significant bit of the contents of ACCX or M is set; cleared 
otherwise. 

Z: Set if all bits of the contents of ACCX or M are cleared; cleared otherwise. 
V: Cleared. 
C: Cleared. 

Boolean Formulae for Condition Codes: 
N = M 7 _ 

Z = M7-M 6 M 5 M4M 3 M2-MiMo 
V =0 
C =0 

Addressing Formats: 
See Table A-3. 

Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 









Coding 


of First (or only) 


Addressing 


Execution Time 


Number of 


byte oi 


f machine code 


bytes of 








Modes 


(No. of cycles) 


machine code 


HEX. 


OCT. 


DEC. 


A 


2 


1 


4D 


115 


077 


B 


2 


1 


5D 


135 


093 


EXT 


6 


3 


7D 


175 


125 


IND 


7 


2 


6D 


155 


109 
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TSX Transfer from Stack Pointer to Index Register 

Operation: IX <- (SP) + 0001 

Description: Loads the index register with one plus the contents of the stack pointer. The 
contents of the stack pointer remain unchanged. 

Condition Codes: Not affected. 

Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 
bytes of 
machine code 


Coding of First (or only) 
byte of machine code 


HEX. 


OCT. 


DEC. 


INHERENT 


4 


1 


30 


060 


048 
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Transfer From Index Register to Stack Pointer TXS 

Operation: SP «- (IX) - 0001 

Description: Loads the stack pointer with the contents of the index register, minus one. 

The contents of the index register remain unchanged. 
Condition Codes: Not affected. 



Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Addressing 
Modes 


Execution Time 
(No. of cycles) 


Number of 


Coding of First (or only) 
byte of machine code 


bytes of 
machine code 


HEX. 


OCT. 


DEC. 


INHERENT 


4 


1 


35 


065 


053 
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Condition Codes: 
Description: 



WAI Wait for Interrupt 

Operation: PC <- (PC) + 0001 

1 (PCL) , SP <- (SP)-0001 
i (PCH) , SP <- (SP)-0001 
i (IXL) , SP <- (SP)-0001 
i (IXH) , SP <- (SP)-0001 
i (ACCA) , SP <- (SP)-0001 
i (ACCB) , SP <- (SP)-0001 
i (CC) , SP <- (SP)-0001 

Not affected. 

The program counter is incremented (by 1). The program counter, index register, 
and accumulators A and B, are pushed into the stack. The condition codes 
register is then pushed into the stack, with condition codes H, I, N, Z, V, C going 
, respectively into bit positions 5 thru 0, and the top two bits (in bit positions 7 and 6) 
are set (to the 1 state). The stack pointer is decremented (by 1 ) after each byte of 
data is stored in the stack. 

Execution of the program is then suspended until an interrupt from a peripheral 
device is signalled, by the interrupt request control input going to a low state. 

When an interrupt is signalled on the interrupt request line, and provided the I bit is 
clear, execution proceeds as follows. The interrupt mask bit is set. The program 
counter is then loaded with the address stored in the internal interrupt pointer at 
memory locations (n-7) and (n-6), where n is the address corresponding to a high 
state on all lines of the address bus. 

H: Not affected. 

Not affected until an interrupt request signal is detected on the interrupt 
request control line. When the interrupt request is received the I bit is set and 
further execution takes place, provided the I bit was initially clear. 
Not affected. 
Not affected. 
Not affected. 
Not affected. 

Addressing Modes, Execution Time, and Machine Code (hexadecimal/ octal/ decimal): 



Condition Codes: 



I: 



N: 
Z: 
V: 
C: 









Coding of First (or only) 


Addressing 


Execution Time 


Number of 


byte of machine code 


bytes of 








Modes 


(No. of cycles) 


machine code 


HEX. 


OCT. 


DEC. 


INHERENT 


9 


1 


3E 


076 


062 



J 



Addressing Mode of 
Second Onerand 


First Operand 


Accumulator A 


Accumulator B 


IMMediate 


CCC A #number 
CCC A #symbol 
CCC A #expression 
CCC A #'C 


CCC B #number 
CCC B #symbol 
CCC B #expression 
CCC B #'C 


DIRect or EXTended 


CCC A number 
CCC A symbol 
CCC A expression 


CCC B number 
CCC B symbol 
CCC B expression 


iiNiuexea 


CCC AX 

CCC Z ,X 

CCC A number.X 

CCC A symbol.X 

CCC A expression.X 


CCC B X 

CCC B ,X 

CCC B number.X 

CCC B symbol.X 

CCC B expression.X 



Notes : 1. CCC = mnemonic operator of source instruction. 

2. "symbol" may be the special symbol 

3. "expression" may contain the special symbol 

4. space may be omitted before A or B. 



Applicable to the following source instructions: 

ADC ADD AND BIT CMP 
EOR LDA ORA SBC SUB 

'Special symbol indicating program-counter. 

TABLE A-1. Addressing Formats (1) 



Addressing Mode of 
Second Operand 


First Operand 


Accumulator A 


Accumulator B 


DIRect or EXTended 


STA A number 
STA A symbol 
STA A expression 


STA B number 
STA B symbol 
STA B expression 


INDexed 


STA AX 

STA A ,X 

STA A number.X 

STA A symbol.X 

STA A expression.X 


STABX 

STA B .X 

STA B number.X 

STA B symbol.X 

STA B expression^ 



Notes : 1. "symbol" may be the special symbol "*". 

2. "expression" may contain the special symbol "*". 

3. Space may be omitted before A or B. 



Applicable to the source instruction: 

STA 

'Special symbol indicating program-counter. 

TABLE A-2. Addressing Formats (2) 



Operand or 




Addressing Mode 


Formats 


Accumulator A 


CCC A 


Accumulator B 


CCC B 


EXTended 


CCC number 




CCC symbol 




CCC expression 


INDexed 


CCCX 




CCC ,X 




CCC number,X 




CCC symbol.X 




CCC expression^ 



Notes: 1 . CCC = mnemonic operator of source instruction. 

2. "symbol" may be the special symbol 

3. "expression" may contain the special symbol 
. 4. Space may be omitted before A or B. 



Applicable to the following source instructions: 

ASL ASR CLR COM DEC INC 
LSR NEG ROL ROR TST 

'Special symbol indicating program-counter. 

TABLE A-3. Addressing Formats (3) 



Operand 


Formats 


Accumulator A 


CCC A 


Accumulator B 


CCCB 



Notes: 1 . CCC = mnemonic operator of source instruction. 
2. Space may be omitted before A or B. 



Applicable to the following source instructions: 

PSH PUL 



TABLE A-4. Addressing Formats (4) 
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A-79 



Addre^^ina Mode 


Formats 


IM Mediate 


CCC #number 




CCC #symbol 




CCC #expression 




CCC #'C 


DIRect or EXTended 


CCC number 




CCC svmbol 




CCC expression 








CCC ,x 




CCC number,X 




CCC symbol,X 




CCC expression^ 



Notes: 1 . CCC = mnemonic operator of source instruction. 

2. "symbol" may be the special symbol "*". 

3. "expression" may contain the special symbol 

Applicable to the following source instructions: 

CPX LDS LDX 
'Special symbol indicating program-counter. 



TABLE A-5. Addressing Formats (5) 



Addressing Mode 


Formats 


DIRect or EXTended 


CCC number 




CCC symbol 




CCC expression 


INDexed 


CCCX 




CCC ,X 




CCC number,X 




CCC symbol,X 




CCC expression^ 



Notes : 1 . CCC = mnemonic operator of source instruction. 

2. "symbol" may be the special symbol "*". 

3. "expression" may contain the special symbol "*". 



Applicable to the following source instructions : 

STS STX 

*Special symbol indicating program-counter. 

TABLE A-6. Addressing Formats (6) 
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Muaressing muoc 




EXTended 


CCC number 




CCC symbol 




CCC expression 


INDexed 


CCCX 




CCC ,X 




CCC number,X 




CCC symbol.X 




CCC expressions 



Notes: 1 . CCC = mnemonic operator of source instruction. 

2. "symbol" may be the special symbol "*". 

3. "expression" may contain the special symbol "*". 

Applicable to the following source instructions: 

JMP JSR 

'Special symbol indicating program-counter 

TABLE A-7. Addressing Formats (7) 



Addressing- Mode 


Formats 


RELative 


CCC number 
CCC symbol 
CCC expression 



Notes: 1 . CCC = mnemonic operator of source instruction. 

2. "symbol" may be the special symbol "*". 

3. "expression" may contain the special symbol "*". 

Applicable to the following source instructions : 

BCC BCS BEQ BGE BGT BHI BLE BLS 
BLT BMI BNE BPL BRA BSR BVC BVS 

*Special symbol indicating program-counter. 

TABLE A-8. Addressing Formats (8) 
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Advance Information 



MICROPROCESSOR WITH CLOCK 

The MC6808 is a monolithic 8-bit microprocessor that contains 
all the registers and accumulators of the present MC6800 plus an 
internal clock oscillator and driver on the same chip. 

The MC6808 is completely software-compatible with theMC6800 
as well as the entire M6800 family of parts. Hence the MC6808 
is expandable to 65K words. 

This very cost-effective MPU allows the designer to use the 
MC6808 in consumer as well as industrial applications without 
sacrificing industrial specifications. 

• On-Chip Clock Circuit 

• Software-Compatible with the MC6800 

• Expandable to 65 K words 

• Standard TTL-Compatible Inputs and Outputs 

• 8-Bit Word Size 

• 16-Bit Memory Addressing 

• Interrupt Capability 



FIGURE 1 - TYPICAL MICROPROCESSOR INTERFACE 
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PIN ASSIGNMENT 



i c 








vs°s 


R«ut 


3 40 


2 C 


H.t't 


EXtal 


1 39 


3 C 


MR 


Xtal 


3 38 


4 C 


IRQ 


e 


3 37 


5 C 


VMA 


vss 


3 36 


6 C 


NMI 


v cc 


3 35 


7 C 


BA 


R/W 


) 34 


8 C 


vec 


DO 


3 33 


9 C 


AO 


D1 


3 32 


10 c 


A1 


D2 


3 3» 


i 1 c 


A2 


D3 


3 30 


12 C 


A3 


D4 


3 29 


'3 C 


A4 


D5 


3 28 


14 C 


A5 


06 


3 27 


15 C 


A6 


D7 


3 26 


16 C 


A7 


A15 


3 25 


17 C 


AB 


A14 


3 24 


18 C 


A9 


A13 


3 23 


19 C 


A 10 


A12 


3 22 


20 C 


All 




3 21 
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MICROPROCESSING UNIT (MPU) 

The MC6800 is a monolithic 8-bit microprocessor forming the 
central control function for Motorola's M6800 family. Compatible 
with TTL, the MC6800, as with all M6800 system parts, requires 
only one +5.0-volt power supply, and no external TTL devices for 
bus interface. 

The MC6800 is capable of addressing 65K bytes of memory 
with its 16-bit address lines. The 8-bit data bus is bidirectional as 
well as 3-state, making direct memory addressing and multiproces- 
sing applications realizable. 

• Eight-Bit Parallel Processing 

• Bi-Directional Data Bus 

• Sixteen-Bit Address Bus - 65K Bytes of Addressing 

• 72 Instructions — Variable Length 

• Seven Addressing Modes — Direct, Relative, Immediate, Indexed, 

Extended, Implied and Accumulator 

• Variable Length Stack 

• Vectored Restart 

• Maskable Interrupt Vector 

• Separate Non-Maskable Interrupt - Internal Registers Saved 

In Stack 

• Six Internal Registers - Two Accumulators, Index Register, 

Program Counter, Stack Pointer and Condition Code Register 

• Direct Memory Addressing (DMA) and Multiple Processor 

Capability 

• Clock Rates as High as 1 MHz 

• Simple Bus Interface Without TTL 

• Halt and Single Instruction Execution Capability 



MC6800 

(0 to 70°C; L or P Suffix) 

MC6800C 

(-40 to 85°C; L Suffix only) 



MOS 



(N-CHANNEL, SILICON -GATE) 



MICROPROCESSOR 




L SUFFIX 



CERAMIC PACKAGE 
CASE 715 



NOT SHOWN: P SUFFIX 

PLASTIC PACKAGE 
CASE 711 



M6800 MICROCOMPUTER FAMILY 
BLOCK DIAGRAM 
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ELECTRICAL CHARACTERISTICS (V cc = 5.0 V t 5%, Vss = 0, T A = 0 to 70°C unlets otherwise noted.) 



Characteristic 


Symbol 


Min 


Typ 


Max 


Unit 


Input High Voltage 


Logic 

01,02 


V| H 
V|HC 


V S S + 2-0 
V C C ~ °-3 




Vcc 

v C c + 0.1 


Vdc 


Input Low Voltage 


Logic 
0 1 ,02 


V|L 
VlLC 


V S S " 0.3 
V S S -01 


_ 


V S S + 0.8 
V S S + 0.3 


Vdc 


Clock Overshoot/Undershoot - Input High Level 
- Input Low Level 


vos 


V C C " 0 5 
V S S- 0.5 




v C c + 05 
V S S + 0.5 


Vdc 


Input Leakage Current 

(V in - 0 to 5.25 V, Vqc = max) 
(V in = 0 to 5.25 V, V C c = 0 -0V) 


Logic* 

01,02 


'in 


I 


1 .0 


2.5 
100 


uAdc 


Three-State (Off State) Input Current 
(V in 0 4 to 2.4 V, V C C = max) 


D0-D7 

A0-A15.R/W 


■tsi 


_ 
— 


2 0 

- 


10 
100 


MAdc 


Output High Voltage 

(l|_oad = -205 MAdc, Vcc = min) 
(l|_oad = - 14 5 MAdc, Vcc = min) 
"Load = -100 MAdc, Vcc = min * 


D0-D7 

A0-A15,R/W,VMA 
8A 


VOH 


V s s + 2.4 
V S S + 24 
Vss + 24 


- 


- 


Vdc 


Output Low Voltage 

"Load " 1 6 m Adc, Vcc ~ min ^ 


vol 


- 


- 


V S S + 04 


Vdc 


Power Dissipation 


Pd 


- 


0.500 


1.2 


W 


Capacitance = 

(Vj n = 0.T A =25°C,f = 1.0 MHz) 


01.02 
TSC 
DBE 
D0'-07 
Logic Inputs 


C, n 


80 

_ 


120 

7.0 
10 
6.5 


160 
15 
1 0 
12.5 
8.5 


PF 




A0-A15.R/W,VMA 


c out 






12 


pF 


Frequency of Operation 


f 


0.1 




1.0 


MHz 


Clock Timing (Figure 1) 
Cycle Time 




l cyc 


1.0 




10 


MS 


Clock Pulse Width 

(Measured at V C c - 0.3 V) 


01 
02 


PW 0H 


430 
450 




4500 
4500 


ns 


Total 01 and 02 Up Time 




<ut 


940 






ns 


Rise and Fall Times 01 ,o2 
(Measured between V S s + 0 3 V and V C C - 0.3 V) 


t<pr. tof 


5.0 




50 


n$ 


Delay Time or Clock Separation 

(Measured at Vqv = Vss + 0 5 V) 




td 


0 




9100 


ns 


Overshoot Duration 




tQS 


0 




40 


ns 



•Except I'RO and NMI, which require 3 kf2 pullup load resistors for wire-OR capability at optimum operation. 
^Capacitances are periodically sampled rather than 100% tested. 

FIGURE 1 - CLOCK TIMING WAVEFORM 



Overshoot 

t cyc n 
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MAXIMUM RATINGS 



Rating 


Sycnbol 


Value 


Unit 


Supply Voltage 


vcc 


-0.3 to +7.0 


Vdc 


Input Voltage 


V in 


-0.3 to +7.0 


Vdc 


Operating Temperature Range 


T A 


0 to +70 


°C 


Storage Temperature Range 


T stg 


-55 to +150 


°C 


Thermal Resistance 


*JA 


70 


°C/W 



This device contains circuitry to protect the 
inputs against damage due to high static volt- 
ages or electric fields, however, it is advised that 
normal precautions be taken to avoid applica- 
tion of any voltage higher than maximum rated 
voltages to this high impedance circuit. 



READ/WRITE TIMING Figures 2 and 3. f = 1 .0 MHz, Load Circuit of Figure 6. 



Characteristic 


Symbol 


Min 


Typ 


Max 


Unit 


Address Delay 


*AD 




220 


300 


ns 


Peripheral Read Access Time 


t a cc 






540 


ns 


*acc = T ut ~ (t AD + r DSR> 












Oata Setup Time (Read) 


tDSR 


100 






ns 


Input Data Hold Time 


tH 


10 






ns 


Output Data Hold Time 


tH 


10 


25 




ns 


Address Hold Time (Address, R/W, VMA) 


tAH 


50 


75 




ns 


Enable High Time for DBE Input 


tEH 


450 






ns 


Data Delay Time (Write) 


*DDW 




165 


225 


ns 


Processor Controls* 












Processor Control Setup Time 


tpcs 


200 






ns 


Processor Control Rise and Fall Time 


T PCr- tPCf 






100 


ns 


Bus Available Delay 


T BA 






300 


ns 


Three State Enable 


tTSE 






40 


ns 


Three State Delay 


*TSD 






700 


ns 


Data Bus Enable Down Time During 01 Up Time (Figure 3) 


T DBE 


150 






ns 


Data Bus Enable Oelay (Figure 3) 


tDBED 


300 






ns 


Data Bus Enable Rise and Fall Times (Figure 3) 


tDBEr.tDBEf 






25 


ns 



•Additional information is given in Figures 12 through 16 of the Family Characteristics - see pages 17 through 20. 



FIGURE 2 - READ DATA FROM MEMORY OR PERIPHERALS 
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FIGURE 3 - WRITE IN MEMORY OR PERIPHERALS 
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FIGURE 4 - TYPICAL DATA BUS OUTPUT DELAY 
tCAPACITIVE LOADING 
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FIGURE 5 - TYPICAL READ/WRITE, V MA, AND 
ADDRESS OUTPUT DELAY nrui CAP ACITIVE LOADING 
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FIGURE 6 - BUS TIMING TEST LOAO 




130 PF for D0-D7 

90 pF for A0-A15, R/W. and VMA 

30 pF for 8 A 

11.7 k« for O0-O7 

16.5 for A0-A15. R/W, and VMA 

24 kft for BA 



TYPICAL POWER SUPPLY CURRENT 
FIGURE 7 - VARIATIONS WITH FREQUENCY 
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FIGURE 8 - VARIATIONS WITH TEMPERATURE 
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MPU SIGNAL DESCRIPTION 



Proper operation of the MPU requires that certain con- 
trot and timing signals be provided to accomplish specific 
functions and that other signal lines be monitored to 
determine the state of the processor. 

Clocks Phase One and Phase Two (01, 02) - Two pins 
are used for a two-phase non-overlapping clock that runs 
at the Vcc voltage level. 

Address Bus (A0-A15) — Sixteen pins are used for the 
address bus. The outputs are three-state bus drivers capa- 
ble of driving one standard TTL load and 130 pF. When 
the output is turned off, it is essentially an open circuit. 
This permits the MPU to be used in DMA applications. 

Data Bus (D0-D7) - Eight pins are used for the data 
bus. It is bi-directional, transferring data to and from the 
memory and peripheral devices. It also has three-state 
output buffers capable of driving one standard TTL load 
and 130 pF. 

Halt - When this input is in the low state, all activity 
in the machine will be halted. This input is level sensitive. 
In the halt mode, the machine will stop at the end of an 
instruction. Bus Available will be at a one level, Valid 
Memory Address will be at a zero, and all other three-state 
lines will be in the three-state mode. 

Transition of the Halt line must not occur during the 
last 250 ns of pha se one. To insure single instruction 
operation, the Halt line must go high for one Clock cycle. 

Three-State Control (TSC) - This input causes all of the 
address lines and the Read/Write line to go into the off or 
high impedance state. This state will occur 700 ns after 
TSC= 2.0 V.The Valid Memory Address and Bus Available 
signals will be forced low. The data bus is not affected by 
TSC and has its own enable (Data Bus Enabie). In DMA 
applications, the Three-State Control line should be 
brought high on the leading edge of the Phase One Clock. 
The cl clock must be held in the high state and the 02 
in the low state for this function to operate properly. The 
address bus will then be available for other devices to 
directly address memory. Since the MPU is a dynamic 
device, it can be held in this state for only 4.5 us or 
destruction of data will occur in the MPU. 

Read/Write (R/W) - This TTL compatible output 
signals the peripherals and memory devices whether the 
MPU is in a Read (high) or Write (low! state. The normal 
standby state of this signal is Read (high). Three-State 
Control going high will turn Read/Write to the off (high 
impedance) state. Also, when the processor is halted, it 
will be in the off state. This output is capable of driving 
one standard TTL load and 90 pF. 

Valid Memory Address (VMA) - This output indicates 
to peripheral devices that there is a valid address on the 
address bus. In normal operation, this signal should be 
utilized for enabling peripheral interfaces such as the 
PIA and ACIA. This signal is not three-state. One standard 
TTL load and 90 pF may be directly driven by this active 
high signal. 



Data Bus Enable (DBE) - This input is the three-state 
control signal for the MPU data bus and will enable the 
bus drivers when in the high state. This input is TTL com- 
patible; however in normal operation, it would be driven by 
the phase two clock. During an MPU read cycle, the data 
bus drivers will be disabled internally. When it is desired 
that another device control the data bus such as in Direct 
Memory Access (DMA) applications. DBE should be 
held low. 

Bus Available (BA) - The Bus Available signal will 
normally be in the low state; when activated, it will go to 
the high state indicating that the microprocessor has 
stopped and tha t the address bus is available. This will 
occur if the Halt line is in the low state or the processor 
is in the WAIT state as a result of the execution of a 
WAIT instruction. At such time, all three-state output 
drivers will go to their off state and other outputs to their 
normally inactive level. The processor is removed from the 
WAIT state by the occurrence of a maskable (mask bit 
I = 0) or nonmaskable interrupt. This output is capable 
of driving one standard TTL load and 30 pF. 

Interrupt Request (IRQ) - This level sensitive input 
requests that an interrupt sequence be generated within 
the machine. The processor will wait until it completes the 
current instruction that is being executed before it recog- 
nizes the request. At that time, if the interrupt mask bit 
in the Condition Code Register is not set, the machine will 
begin an interrupt sequence. The Index Register, Program 
Counter, Accumulators, and Condition Code Register are 
stored away on the stack. Next the MPU will respond to 
the interrupt request by setting the interrupt mask bit high 
so that no further interrupts may occur. At the end of the 
cycle, a 16-bit address will be loaded that points to a 
vectoring address which is located in memory locations 
FFF8 and FFF9. An address loaded at these locations 
causes the MPU to branch to an interrupt routine 
in memory. 

The Halt line must be in the high state for interrupts to 
be s erviced. Interrupts will be latched internally while 
Halt is low. 

The IRQ has a high impedance pullup device internal 
to the chip; however a 3 kO external resistor to V£C 
should be used for wire-OR and optimum control 
of interrupts. 

Reset - This input is used to reset and start the MPU 
from a power down condition, resulting from a power 
failure or an initial start-up of the processor. If a high level 
is detected on the input, this will signal the MPU to be- 
gin the restart sequence. This will start execution of a 
routine to initialize the processor from its reset condition. 
All the higher order address lines will be forced high. For 
the restart, the last two (FFFE. FFFF) locations in 
memory will be used to load the program that is addressed 
by the program counter. During the restart routine, the 
interrupt mask bit is set and must be reset before the MPU 
can be interrupted by IRQ. 
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Figure 9 shows the initialization of the microprocessor 
after restart. Reset must be held low for at least eight 
clock periods after V<x reaches 4.75 volts. If Reset goes 
high prior to the leading edge of 02, on the next 01 
the first restart memory vector address (FFFE) will 
appear on the address lines. This location should contain 
the higher order eight bits to be stored into the program 
counter. Following, the next address FFFF should contain 
the lower order eight bits to be stored into the pro- 
gram counter. 

Nan-Maskabte Interrupt (NMI) - A low-going edge on 
this input requests that a non-mask-interrupt sequence be 
generated within the processor. As with the Interrupt 
Request signal, the processor will complete the current 
instruction that is being executed before it recognizes the 
NMI signal. The interrupt mask bit in the Condition Code 
Register has no effect on NMI. 



The Index Register, Program Counter, Accumulators, 
and Condition Code Register are stored away on the 
stack. At the end of the cycle, a 16-bit address will be 
loaded that points to a vectoring address which is located 
in memory locations FFFC and FFFD. An address loaded 
at these locations causes the MPU to branch to a non- 
maskable interrupt routine in memory. 

NMI has a high impedance pullup resistor internal to 
the chip; however a 3 kQ, external resistor to Vcc should 
be used for wire-OR and optimum control of interrupts. 

Inputs IRQ and NMI are hardware interrupt lines that 
are sampled during Q2 and wilt start the interrupt 
routine on the 01 following the completion of an 
instruction. 

Figure 10 is a flow chart describing the major decision 
paths and interrupt vectors of the microprocessor. Table 
1 gives the memory map for interrupt vectors. 



FIGURE 9 - INITIALIZATION OF MPU AFTER RESTART 




First instruction Loaded into MPU 



//////. >,>, >, v/ ////.', va ■'/// .-///// ///,-///\ r 



Address Out 

= FFFE 



rTT 



A 



Address Out 

= FFFF 



Address Out = Contents of 
FFFE * FFFF 



TABLE 1 - MEMORY MAP FOR INTERRUPT VECTORS 



Vector 
MS LS 


Description 


FFFE 


FFFF 


Restart 


FFFC 


FFFD 


Non-maskable Interrupt 


FFFA 


FFFB 


Software interrupt 


FFF8 


FFF9 


interrupt Request 
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FIGURE 10 - MPU FLOW CHART 




Start Saquano* 



FFFE. FFFF 




Fetch Imtruction 



Exfcuti 
Interrupt Routine 



Execute 

Instruction 



NM1 




IRQ 


FFFC 
FFFO 




FFF8 
FFF9 



MPU REGISTERS 



The MPU has three 16-bit registers and three 8-bit 
registers available for use by the programmer (Figure 11), 

Program Counter - The program counter is a two byte 
(16-bits) register that points to the current program 
address. 

Stack Pointer - The stack pointer is a two byte register 
that contains the address of the next available location 
in an external push-down/pop-up stack. This stack is 
normally a random access Read/Write memory tnat may 



have any location (address) that is convenient. In those 
applications that require storage of information in the 
stack when power is lost, the stack must be non- volatile. 

Index Register — The index register is a two byte register 
that is used to store data or a sixteen bit memory address 
for the Indexed mode of memory addressing. 

Accumulators — The MPU contains two 8-bit accumu- 
lators that are used to hold operands and results from an 
arithmetic logic unit (ALU). 
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FIGURE 11 - PROGRAMMING MODEL OF THE MICROPROCESSING UNIT 



Accumulator A 



Accumulator B 



Index Register 



Program Counter 



Stack Pointer 



, ' ! I m TT1 Condition Code* 
1 H I IN Z V!C« 



Register 



^ Carry {From Bit 7) 

— Overflow 

— Zero 

— Negative 

— <nterruot 

Half Carry (From Bit 3) 



FIGURE 12 - SAVING THE STATUS OF THE MICROPROCESSOR IN THE STACK 



SP = Stack Pointer 

CC = Condition Codes (Also called the Processor Status Byte) 
ACCB" Accumulator B 
ACCA - Accumulator A 

IXH = Index Register. Higher Order 8 Bits 

I XL * Index Register, tower Order 8 Bits 

PCH ■ Program Counter. Higher Order 8 Bits 

PCL = Program Counter, tower Order B Bits 



m - 2 
m -1 



m + 1 
m + 2 



SP 







m - 9 




m - a 




m - 7 




m - 6 


CC 


m - 5 


ACCB 


m - 4 


ACCA 


m - 3 


IXH 


m - 2 


ixu 


m - 1 


PCH 


m 


PCL 


m + 1 




m + 2 






After 
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Condition Code Register - The condition code register 
indicates the results of an Arithmetic Logic Unit operation: 
Negative (N), Zero iZ), Overflow (V), Carry from bit 7 
(C), and half carry from bit 3 (H). These bits of the 
Condition Code Register are used as testable conditions 
for the conditional branch instructions. Bit 4 is the 
interrupt mask bit (I). The unused bits of the Condition 
Code Register (b6 and b7) are ones. 

Figure 1 2 shows the order of saving the microprocessor 
status within the stack. 

MPU INSTRUCTION SET 

The MC6800 has a set of 72 different instructions. 
Included are binary and decimal arithmetic, logical, shift, 
rotate, load, store, conditional or unconditional branch, 
interrupt and stack manipulation instructions (Tables 2 
thru 6). 

MPU ADDRESSING MODES 

The MC6800 eight-bit microprocessing unit has seven 
address modes that can be used by a programmer, with the 
addressing mode a function of both the type of instruction 
and the .coding within the instruction. A summary of the 
addressing modes for a particular instruction can be found 
in Table 7 along with the associated instruction execution 
time that is given in machine cycles. With a clock fre- 
quency of 1 MHz, these times would be microseconds. 

Accumulator (ACCX) Addressing - In accumulator 
only addressing, either accumulator A or accumulator B is 
specified. These are one-byte instructions. 

Immediate Addressing — In immediate addressing, the 
operand is contained in the second byte of the instruction 
except LOS and LOX which have the operand in the second 
and third bytes of the instruction. The MPU addresses 



this location when it fetches the immediate instruction 
for execution. These are two or three-byte instructions. 

Direct Addressing - In direct addressing, the address of 
the operand is contained in the second byte of the 
instruction. Direct addressing allows the user to directly 
address the lowest 256 bytes in the machine i.e., locations 
zero through 255. Enhanced execution times are achieved 
by storing data in these locations. In most configurations, 
it should be a random access memory. These are two-byte 
instructions. 

Extended Addressing - In extended addressing, the 
address contained in the second byte of the instruction is 
used as the higher eight-bits of the address of the operand. 
The third byte of the instruction is used as the lower 
eight-bits of the address for the operand. This is an abso- 
lute address in memory. These are three-byte instructions. 

indexed Addressing — In indexed addressing, the address 
contained in the second byte of the instruction is added 
to the index register's lowest eight bits in the MPU. The 
carry is then added to the higher order eight bits of the 
index register. This result is then used to address memory. 
The modified address is held in a temporary address regis- 
ter so there is no change to the index register. These are 
two-byte instructions. 

Implied Addressing - In the implied addressing mode 
the instruction gives the address (i.e., stack pointer, index 
register, etc.). These are one-byte instructions. 

Relative Addressing - In relative addressing, the address 
contained in the second byte of the instruction is added 
to the program counter's lowest eight bits plus two. The 
carry or borrow is then added to the high eight bits. This 
allows the user to address data within a range of -125 to 
+129 bytes of the present instruction. These are two- 
byte instructions. 





TABLE 2 - 


ABA 


Add Accumulators 


ADC 


Add with Carry 


ADD 


Add 


AND 


Logical And 


ASL 


Arithmetic Shift Lett 


ASR 


Arithmetic Shift Right 


BCC 


Branch if Carry Clear 


BCS 


Branch if Carry Set 


BEQ 


Branch if Equal to Zero 


BQE 


Branch if Greater or Equal Zero 


BGT 


Branch if Greater than Zero 


8HI 


Branch if Higher 


BIT 


Bit Test 


BLE 


Branch if Less or Equal 


BLS 


Branch if Lower or Same 


BLT 


Branch if Less than Zero 


BMI 


Branch if Minus 


8NE 


Branch if Not Equal to Zero 


BPL 


Branch if Plus 


BRA 


Branch Always 


BSR 


Branch to Subroutine 


BVC 


Branch if Overflow Clear 


BVS 


Branch if Overflow Set 


CBA 


Compare Accumulators 


CLC 


Clear Carry 


CLI 


Clear Interrupt Mask 



TABLE 2 - MICROPROCESSOR INSTRUCTION SET - ALPHABETIC SEQUENCE 



CLR 


Clear 


CLV 


Clear Overflow 


CMP 


Compare 


COM 


Complement 


CPX 


Compare Index Register 


DAA 


Decimal Adjust 


DEC 


Decrement 


DES 


Decrement Stack Pointer 


DEX 


Decrement Index Register 


EOR 


Exclusive OR 


INC 


Increment 


INS 


increment Stack Pointer 


INX 


Increment Index Register 


JMP 


Jump 


JSR 


Jump to Subroutine 


LDA 


Load Accumulator 


LDS 


Load Stack Pointer 


LDX 


Load Index Register 


LSR 


Logical Shift Right 


NEG 


Negate 


NOP 


No Operation 


ORA 


Inclusive OR Accumulator 


PSH 


Push Data 



PUL Pull Data 

ROL Rotate Left 

ROR Rotate Right 

RTI Return from Interrupt 

RTS Return from Subroutine 

SBA Subtract Accumulators 

SBC Subtract with Carry 

SEC Set Carry 

SEI Set Interrupt Mask 

SEV Set Overflow 

STA Store Accumulator 

STS Store Stack Register 

STX Store Index Register 

SUB Subtract 

SWI Software Interrupt 

TAB Transfer Accumulators 

TAP Transfer Accumulators to Condition Code Reg. 

TBA Transfer Accumulators 

TPA Transfer Condition Code Reg. to Accumulator 

TST Test 

TSX Transfer Stack Pointer to Index Register 

TXS Transfer Index Register to Stack Pointer 

WAI Wait for Interrupt 




CM 
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TABLE 3 — ACCUMULATOR AND MEMORY INSTRUCTIONS 



AOORESSING MOOES 



800 LE AN' ARITHMETIC OPERATION C0N0 COOE REG. 



Urtn ft ■ 1 UP* i 




IMMEO 


DIRECT 


! INDEX 


EXTNO 


IMPLIEO 




-All reader IjWi 
refer to conitrmt 


5 


4 


3 


2 


i 


0 




OP 


OP 




OP 


OP 

_ 




H 


1 


ft 


Z 


V 


c 


Arid 


ADDA 


je 2 : 


- 

38 ] 2 


I A3 


b 2 


36 


4 3 






\1 • A 






• 






• 








ADDS 


C3 2 : 


08 : ? 


| EH 


S 2 








i • 


'.i ■ I 






• 






: 






Aild Au'imrs 


ABA 






! 








13 2 


\ A • 


9 A 






• 


\ 










Add >v.th Olv 


ADCA 


39 2 2 


39 3 2 


! A9 


5 2 


39 


4 3 




A • 


M - r A 






• 














A0C3 


C9 2 J 


39 3 2 


. E9 


5 2 


f9 






i • 


V • C ■ 8 






• 












AND A 


34 2 2 


94 3 2 


A4 


5 2 




4 3 




' A ■ 


V A 






•! 




- 


• 




AMOtS 


C4 2 2 


JJ 3 2 


: E4 


5 2 


M 






; s ■ 


•V! -3 






• 


; j ; 




• 




rflTA 


3b 2 2 


33 3 2 


Is 


b 2 


8b 






: a • 


\1 






• i 








3^3 




OS 3 2 




5 2 


fb 






; 3 


M 




* 


• 




3 


• 




CLH 






I of 




JF 






00 








• 


P 


Sj « j R 




CL3A 














if 2 ' 


' ;i0 


- A 






• 


n 


Si R 


3 




Cl^ri 














if- 2 i 


'30 


•B 






• i 


H 


S 




R 


• uol- 


„MPA 


■it 2 2 


L't 3 2 


; ai 


% 2 


Bl 






: A 






• i 




■: 








CMpg 


Ci 2 2 


□ 1 3 1 


i E1 






3 : 










• i 










C ■■i-u.iHf Ai t„in 


CBA 






















• i 


: 1 : 








C-MUl,.-!!.^.! 1', 


CUM 






! 53 


2 








U 


■V 




•i 




; 








COMA 














13 2 1 


A 


A 




• 


: j : 


R 








CUM 8 














3 3 2 i 


! s 


3 




• 


:! : 




s 




MEG 






; go 


■ 2 


rO 






; on 


V ■ V 




• 








NEtiA 














40 2 1 


! 00 


A -A 








1: © 




NEC, 6 














SO 2 ! 


00 


3 3 








CD 


<25 


!>■ iMidi Alt,.,',!. A 


0 A A 














;q 2 • 




'.»"> 3 njf. 


Add ji 3 CO Duniiw; • 


• 






(i 




















! .iiu 3CO fore. 






i 








J,v 


JEC 










,'A 






! M 


: ■ u 












• 




OECA 














JA 1 1 


i A 


' ■ A 




• 


: 


; 


<i 


• 




JECB 














?A 2 ' 








• 




: 




• 


.> !Jfl 


fiJRA 


33 2 2 


?e 2 2 


■ AS 


b 2 


33 






A!.- 


)Vt ■ A 








p 


• 



: p-ui L'-u 

i P.iH DjU 

=r..i..ri- R.uw 
Shift Lf" Aitihn»!iL 
R.gnr AitiDim'tii. 
: Sh,(l 3,1)1-1 L'jun. 

1 SlOf Aci'iHr 



Sl.0lr.jlj AllUT 



: Frrtint^r Acuities 
] Tan can or M.rms 



NCA 

■ \ce 

. 0 A A 
■JAB 
J3AA 
J3AB 
°SHA 

pSHe 

J ULA 

"hb 

30L 
ROLA 
3(JLB 

HOP 
3URA 
BiJRb 

ASL 
AS L A 

ASL3 

ASR 

ASRA 
ASRB 

LS« 
ISR A 
LiPB 
SMA 
if A3 
S JtfA 
SUBB 

3BA 
3BCA 

iacs 

TAfl 
r BA 

:st 

fSTA 

rs:9 



a • yep sp i • sp 

3 M;p SP I SP 
sr • ■ SP ^SP ■ A 

SP • I ■ y$p ■ 3 



3 » 

y| 



} j C b / — bO 

.'I 



2 | EO 



1/ 2 
4D 2 



A> 
3] 



3 V _ 

A 3 

6 A 

V 00 

A 00 



30 



:!r. 
: kX I • ! 
: !l b,i • j 

! ' R | • 



• : • 


• 1 •! « 


• • • 


• > • i • 


• i ; 


V%\ 


• i : 


: 


• i . 


: m : 


• ; 




•1 : 


■ <&i ■ 


• 1 : 


: It : 


• i : 




• t : 


m 


• l : 




• i ' 


KM 


• : 




• | : 


:| 


• IR 




• 1 R 




• |R 




•i ■ 
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TABLE 4 - INDEX REGISTER AND STACK MANIPULATION INSTRUCTIONS 



CONO. COOE REG. 



POINTER OPERATIONS 


MNEMONIC 


IMMEO 


OIRECT 


INOEX 


EXTNO 


IMPLIED 


BOOLEAN/ARITHMETIC OPERATION 


i|«|3|z 


iln 


OP 






OP 






OP 


^ i 


OP 


■ 




opU 




H ( 1 1 N |z 


ViC 


Compare Index Req 


CPX 


IT 


3 




3 


9C 


4 


2 


AC 


6 


2 


— 


5 


3 






X H - M, X (_ - (M ♦ II 


• iJ<2)|t 




Decrement Index Heq 


OEX 




























09 i 4 


1 


X - 1 -X 


•'•!•]* 


• I • 


Decrement Slick Pntr 


DES 




























34 ; 4 


1 


SP- 1 -sp 




:r. 


Increment Index Reg 


INX 




























08 j 4 


1 


X ♦ 1 -X 


• | •< • J i 




Increment Stack Pntr 


INS 




























31 4 


1 


SP ♦ 1 — $P 






Load Index Reg 


LOX 


CE 


3 




3 


OE 


4 


2 


EE 


6 


2 


FE 


5 


3 






M - Xh.IM ♦ u - X L 


• •icDl : 


R i • 


LMd Stack Pntr 


LOS 


8E 


3 




3 


9£ 


4 


2 


AE 


6 


2 


BE 


5 


3 






M--SPH.IM + 1) »SPl 


• !»l(Dl : 


«!• 


Store Index Req 


STX 










DF 


5 


2 


EF 


7 


2 


FF 


6 


3 


! 




*h: m xl-<m* i> 


•(•!(DI : 


R ! • 


Store Slack Pntr 


STS 










9F 


5 


2 


AF 


7 


2 


8F 


6 


3 




sp h -m. sp l ^»m ♦ n 






Indx Req - Stack Pntr 


TXS 




























35 j 4 ! 1 


X - 1 - SP 






Stack Pntr - Indx Req 


TSX 




























30 j 4 ; I 


sp + 1 - x 







TABLE 5 - JUMP AND BRANCH INSTRUCTIONS 

CONO. COOE REG. 







RELATIVE 


INOEX 


EXTNO 


IMPLIED 




S 


4 


3 




0 


OPERATIONS 


MNEMONIC 


OP 




a 


Of 






OP 




a 


OP 




a 


BRANCH TEST 


H 


1 

1 




z j v 


c 


Branch Always 


BRA 


20 


4 




















None 










Branch II Carry Clear 


BCC 


24 


4 






















C-0 










Branch II Carry Set 


BCS 


25 


4 






















1 












Branch It » Zero 


BEG 


( 27 


4 






















Z= I 


• 


• 


• 


• 


• 


• 


Branch II S> Zero 


BGE 


' 2C 


4 






















N0V-O 












Branch If > Zero 


BGT 


2E 


4 






















ZHN@V)»0 






: 




Branch If Hiqher 


BHI 


22 


4 






















c*z = o 










Branch If < Zero 


BLE 


2F 


4 






















Z + 4N© V)» 1 










Branch If Lower Or Same 


BLS 


23 


4 






















C*Z> 1 










Branch It < Zero 


BLT 


2D 


4 






















N © V * 1 










Branch If Minus 


BMI 


28 


4 






















H • t 










Branch It Not Equal Zero 


BNE 


26 


4 






















Z*0 












Branch If Overflow Gear 


BVC 


28 


4 






















V- 0 












Branch II Overflow Set 


BVS 


29 


4 






















V- 1 












Branch If Plus 


BPL 


2A 


4 






















N«0 












Branch To Subroutine 
Jump 


BSR 
JMP 


80 


8 




6E 


4 


2 


7E 


3 


3 








| See Special Operations 














Jump To Subroutine 


JSR 








AO 


8 


2 


BO 


9 


3 






















No Operation 


NOP 




















01 


2 




Advances Proq. Cmr. Only 














Return From Interrupt 


RTt 




















36 


10 






































Return From Subroutine 


RTS 




















39 


5 














Software Interrupt 


SWI 




















3F 


12 




| See Special Operations 












Wait for Interrupt* 


WAI 




















3E 


9 






• 




* 


• 


• 


• 



-WAI pun Address 8 us. R /W. and Data Bus m the three-state mode while VMA is held low. 
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SPECIAL OPERATIONS 
JSR. JUMP TO SUBROUTINE: 
PC Mam Program 



INOKO 



n - l 



AO = JSR 



K Offset* 



Next Mam Instr. 



>K = B Bit Unsigned Value 



PC 


Main Program 




BO = JSR 


n * 1 


SH * Subr Addf 


n*2 


SL = SuDf. Addr 


■»*3 


Next Mam Instr 



BSR, BRANCH TO SUBROUTINE: 

p£ Mam Program 



Next Main Instr 



*K = 7 Bit Signed Value; 



S_P 
SP-2 
SP-l 

SP 



!n+ 2! H and In + 21 l Fofm n + 2 
§j> Stack 



SP-2 
SP-l 
SP 



- Slack Pointer Alter Execution 



Sf 
SP-2 
SP- 1 

SP 



;n-Z! L 



* 2 Formed From in » 2: ^ jnd in » 21 {_ 



p_£ Subroutine 
INX ♦ K I 1st Subr. Instr. 



(S Formed From S H and S L I 



X * K | Next Instruction | 



RTS, RETURN FROM SUBROUTINE 

PC Subroutin e^ 

s I 39= RTS 



RTI, RETURN FROM INTERRUPT: 

p£ Interrupt Program 



SP 
SP 
SP ► I 
SP * 2 





Mam Program 






Mam Program 




SE - JMP 






7E - JMP 


n* 1 


K = Offset 






K H - Next Address 






EXTENDED 


■>*2 


K L = Next Address 



K j Next Instruction ) 
PC Mam Program 



Next Mam instr 



5£ 


Stack 


PC 


Mam Program 


SP 




n 


Next Mam Instr. 


SP * 1 


Condition Code 






SP + 2 


Acmllr B 






SP + 3 


Acmltr A 






SP + 4 


Inoex Register (Xh) 






SP * 5 


Index Register (Xj_) 






SP + 6 


NM 






- SP + 7 


nl 







TABLE 6 - CONDITION CODE REGISTER MANIPULATION INSTRUCTIONS 



OPERATIONS 



I Clear Carry 

i Clear Interrupt Mask 

! Clear Overflow 

j Set Carry 

! Set Interrupt Mask 

| Set Overflow 

S Acmltr A-CCR 

] CCR-AcrrritrA 



CLC 
CLI 
CIV 
SEC 
SEI 
SEV 
TAP 
TPA 



•: REG. 

TTT" 



op i - ; 



BOOLEAN OPERATION i H i I 



oc ; 2 

OE , 2 

OA j 2 ; 
00 i 2 
OF 1 2 
OB 2 

06 ! 2 | 



07 2 



o-c 

0 — l 

0 -v 

1 -c 
1 - 1 

1 - V 
A^CCR 
CCR ~* A 



7t 



-®- 

■ I ' i ' i' 



CONDITION COOE REGISTER NOTES: (Bu set it rest is true and cleared otherwise) 



1 (Bit V) Test: Result - 10 

2 (Bit C) Test: Result » 

3 (Bit C) Test: Decimal value of mast significant BCD Character greater than nine 7 

(Not cleared it previously set.) 

4 (Bit V) Test: Operand = I0Q0QOOQ onor to execuiion* 

5 (Bu V) Test: Operand = 01111111 prior to execution? 

5 (Bit VI Test: Set equal to result o< N©C after shift has occurred 



7 (Bit N) Test: Sign bit of most significant IMS) byte = I? 

8 (Bit V) Test: 2's complement overflow from subtraction of MS bytes 7 

9 (Bit N) Test: Result Ins than «ro 7 (Bit 15 = 1) 

10 (All) Load Condition Code Register from Stack. (See Special Operations) 

1 1 (Bit I) Set when interrupt occurs. If previously set, a Non Maskable 

Interrupt is required to exit the wait state. 

12 (All) Set according to the contents of Accumulator A 
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TABLE 7 - INSTRUCTION ADDRESSING MODES AND ASSOCIATED EXECUTION TIMES 
(Times in Machine Cy daa) 



















[ 




2 










O 
"5 




e 




■a 
• 






| 




£ 




c 


E 


ABA 




• 


• 


• • 


• 




ADC 


* 


• 


2 


3 4 


5 


• 


ADD 


* 


• 


2 


3 4 


5 


• 


AND 


■ 


• 


2 


3 4 


5 


• 


ASL 






• 


• ' 


7 


• 


ASR 






• 




7 


• 


acc 




• 


• 




* 


• 


BCS 




* 


• 




• 


• 


BEA 




• 


• 


• * 


• 


• 


BGE 




* 


* 




• 


• 


BGT 














8H) 












• 


BIT 












• 


BLE 












• 


BLS 














blt 














BMI 














BNE 












• 


BPL 












• 


BRA 












• 


BSR 












• 


BVC 












• 


BVS 












• 


CBA 












i 


CLC 












I 


CLI 












2 


cir 














Clv 












2 


CMP 


t 












COM 












• 


CPX 












• 


OAA 












2 


DEC 














DES 












4 


DEX 












4 


EOR 






2 


3 


4 5 


• 



INC 

INS 

INX 

JMP 

JSR 

IDA 

IDS 

IDX 

LSR 

NEG 

NOP 

ORA 

PSH 

PUL 

ROl 

ROR 

RTI 

RTS 

SBA 

SBC 

SEC 

SEl 

SEV 

STA 
STS 
STX 
SUB 

swi 

TAB 
TAP 
TBA 
TPA 

TST 
TSX 
TSX 
WAI 



5 1 
3 i 



interrupt time n 1 2 cycles 'rom tne end of 

the instruction 0*109 executed. e*ceoi following 

a WAI instruction. Then n it 4 cycle* 



PIN ASSIGNMENT 



1 C 

2 C 

3 C 

4 C 

5 C 

6 C 

7 C 
B C 
9 C 

10 C 

11 C 

12 C 

13 C 

14 [ 

15 C A6 

16 C A7 

17 C A8 

18 C A9 

19 C A10 

20 C A11 



O 

V SS 

Halt 
01 
IRQ 
VMA 
NMI 
BA 

V CC 
AO 
A1 
A2 
A3 
A4 
AS 



Rasat 

TSC 
N.C. 

02 
DBE 
N.C. 
R/W 



J 40 
) 39 
) 38 
1 37 
3 36 
3 35 
1 34 



D1 
D2 
D3 
04 
05 
06 
07 



DO 3 33 
3 32 
3 31 
3 30 
3 29 
3 28 
3 27 
3 26 



A15 3 25 
A14 3 24 
A13 3 23 
A12 3 22 
V SS 3 21 







— - — — T 








A — 






SEATING PLANE 
G 



PACKAGE DIMENSIONS 

CASE 715-02 
(CERAMIC) 

Saa Paga 165 for 

PlMTtc Packaga dimaniiont. 



j \ IT 



DIM 


MILLIMETERS 


INCHES 


MIN 


MAX 


MIN 


MAX 


A 


50.29 


51.31 


1 980 


2 020 


B 


I486 


1562 


0 585 


0.615 


C 


v 2.54 


4 19 


0 100 


0.165 


0 


0.38 


0.53 


0015 


0.021 


F 


0 76 


1 40 


0.030 


0055 


G 


2.54 BSC 


0.100 BSC 


H 


0.76 


1.78 


t) 030 


0070 


J 


0.20 


0.33 


0.008 


0.013 


K 


254 


4 19 


0.100 


0.165 


I 


14 60 


15.37 


0 575 


0605 


M 




10O 




10° 


N 


0.51 


1.52 


0.020 


0060 



NOTE: 

1. LEADS, TRUE POSITIONED WITHIN 
0.25 mm (0.010) 0IA (AT SEATING 
PLANE), AT MAX. MAT'L 
CONDITION. 
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SUMMARY OF CYCLE BY CYCLE OPERATION 



Table 8 provides a detailed description of the informa- 
tion present on the Address Bus, Data Bus, Vatid Memory 
Address line (VMA), and the Read/Write line (R/W) dur- 
ing each cycle for each instruction. 

This information is useful in comparing actual with ex- 
pected results during debug of both software and hard- 



ware as the control program is executed. The information 
is categorized in groups according to Addressing Mode and 
Number of Cycles per instruction. (In general, instructions 
with the same Addressing Mode and Number of Cycles 
execute in the same manner; exceptions are indicated in 
the table.) 



TABLE 8 - OPERATION SUMMARY 



Address Mode 
and Instructions 


Cycles 


Cycle 


VMA 
Line 


Address Bus 


R/W 
Line 


Data Bus 


IMMEDIATE 


ADC EOR 
ADD LDA 
AND ORA 
BIT SBC 
CMP SU8 


2 


1 
2 




Op Code Address 
Op Code Address + 1 




Op Code 
Operand Data 


CPX 
LDS 
LDX 


3 


1 
2 
3 




Op Code Address 
Op Code Address + 1 
Op Code Address + 2 




Op Code 

Operand Data (High Order Byte) 
Operand Data (Low Order Byte) 


DIRECT 


ADC EOR 
ADD LDA 
AND ORA 
BIT S8C 
CMP SUB 


3 


1 

2 
3 




Op Code Address 
Op Code Address + 1 
Address of Operand 




Op Code 

Address of Operand 
Operand Data 


CPX 
LDS 
LDX 


4 


1 
2 
3 
4 




Op Code Address 
Op Code Address + 1 
Address of Operand 
Operand Address +■ 1 




Op Code 

Address of Operand 

Operand Data (High Order Byte) 

Operand Data (Low Order Byte) 


STA 


4 


1 

2 
3 
4 




Op Code Address 
Op Code Address + 1 
Destination Address 
Destination Address 




Op Code 

Destination Address 
Irrelevant Data (Note 1) 
Data from Accumulator 


STS 
STX 


5 


1 
2 
3 
4 
5 




Op Code Address 
Op Code Address + 1 
Address of Operand 
Address of Operand 
Address of Operand + 1 


0 
0 


Op Code 

Address of Operand 
Irrelevant Data (Note 1) 
Register Data (High Order Byte) 
Register Data (Low Order Byte) 


INDEXED 


JMP 


4 


1 

2 
3 
4 




Op Code Address 
Op Code Address + 1 
Index Register 

Index Register Plus Offset (w/o Carry) 




Op Code 
Offset 

Irrelevant Data (Note 1) 
Irrelevant Data (Note 1) 


ADC EOR 
ADD LDA 
AND ORA 
BIT SBC 
CMP SUB 


5 


1 
2 
3 
4 
5 




Op Code Address 
Op Code Address + 1 
Index Register 

Index Register Plus Offset (wv/o Carry) 
Index Register Plus Offset 




Op Code 
Offset 

Irrelevant Data (Note 1 ) 
Irrelevant Data (Note 1) 
Operand Data 


CPX 
LDS 
LDX 


6 


1 
2 
3 
4 
5 
6 




Op Code Address 
Op Code Address + 1 
Index Register 

Index Register Plus Offset (w/o Carry) 
Index Register Plus Offset 
Index Register Plus Offset + 1 




Up Code 
Offset 

Irrelevant Data (Note 1) 
Irrelevant Data (Note 1 ) 
Operand Data (High Order Byte) 
Operand Data (Low Order Byte) 
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TABLE 8 - OPERATION SUMMARY (Continued) 








Address Mode 

and Instructions 


Cycles 


Cycle 

# 


VMA 
Lint 


Address Bus 


R/W 
Line 


Data Bus 






INOEXED (Continued) 


















STA 




1 

2 


•j 


On Cneim Addrau + 1 


— r~ 

1 


OpCode 
Offset 








6 


3 
4 
5 
6 


0 
0 
0 

1 


Index Register 

Index Register Plus Offset (w/o Carry) 
Index Register Plus Offset 
Index Register Plus Offset 


; 


Irrelevant Data (Note 1) 
Irrelevant Data (Note 1) 
Irrelevant Data (Note 1) 
Operand Data 






ASL LSR 
ASR NEG 
CLR ROL 
COM ROR 


7 


1 

2 
3 


1 
1 

0 


Op Code Address 
Op Code Address + 1 
Index Register 


; 


Op Code 
Offset 

Irrelevant Data (Note 1 ) 






DEC TST 
INC 




4 


0 


Index Register Plus Offset (w/o Carry) 




Irrelevant Data (Note 1) 








5 
6 
7 


1 
0 

1/0 
(Note 
3) 


Index Register Plus Offset 
Index Register Plus Offset 
Index Register Plus Offset 


1 
1 


Current Operand Data 
Irrelevant Data (Note 1) 
New Operand Data (Note 3) 






STS 




1 


1 


Op Code Address 


1 


Op Code 






STX 




2 


1 


Op Code Address + 1 


1 


Offset 








7 


3 
4 
5 
6 
7 


0 
0 
0 

1 
1 


Index Register 

Index Register Plus Offset (w/o Carry) 
Index Register Plus Offset 
Indax Register Plus Offset 
Index Register Plus Offset + 1 


1 


irrelevant Data (Note 1) 
Irrelevant Data (Note 1) 
Irrelevant Data (Note 1) 
Operand Data (High Order Byte) 
Operand Data (Low Order Byte) 






JSR 




1 

2 
3 


1 
1 

0 


Op Code Address 
Op Code Address + 1 
Index Register 


1 
1 


Op Code 
Offset 

Irrelevant Data (Note 1 ) 








Q 

9 


4 


1 


Stack Pointer 




Return Address (Low Order Byte) 








5 
6 
7 
8 


1 

0 
0 
0 


Stack Pointer - 1 
Stack Pointer - 2 
Index Register 

Index Register Plus Offset (w/o Carry) 




Return Address (High Order 8yte> 
Irrelevant Data (Note 1) 
Irrelevant Data (Note 1) 
Irrelevant Data (Note 1 ) 






EXTENOED 


















JMP 




1 


1 


Op Code Address 




Op Code 








3 


2 
3 


1 
1 


Op Code Address + 1 
Op Code Address + 2 


1 


Jump Address (High Order Byte) 
Jump Address (Low Order Byte) 






ADC EOR 




1 


1 


Op Code Address 


1 


Op Code 






ADD LDA 

AINU UnA 


4 


2 


1 


Op Code Address + 1 




Address of Operand (High Order 8yte) 






SIT SBC 




3 


1 


Op Code Address + 2 




Address of Operand (Low Order Byte) 






CMP SUB 




4 


1 


Address of Operand 


; 


Operand Data 






CPX 




1 


1 


Op Code Address 




Op Code 






LDS 

l pi V 


5 


2 
3 
4 
5 


1 

^ 

1 
1 


Op Code Address + 1 
Op Code Address + 2 
Address of Operand 
Address of Operand + 1 




Address of Operand (High Order Byte) 
Address of Operand (Low Order Byte) 
Operand Data (High Order Byte) 
Operand Data (Low Order Byte) 






STA A 




1 


1 


Op Code Address 




Op Code 






STA B 


5 


2 
3 
4 
5 


1 
1 

0 

1 


Op Code Address + 1 
Op Code Address + 2 
Operand Destination Address 
Operand Destination Address 




Destination Address (High Order Byte) 
Destination Address (Low Order Byte) 
Irrelevant Data (Note 1 1 
Data from Accumulator 






ASL LSR 




1 


1 


Op Code Address 




Op Code 






ASR NEG 
CLR ROL 




2 


1 


Op Code Address + 1 




Address of Operand (High Order Byte) 






COM ROR 
DEC TST 
INC 


6 


3 
4 
5 


1 
1 

0 


Op Code Address + 2 
Address of Operand 
Address of Operand 




Address of Operand (Low Order Byte) 
Current Operand Data 
Irrelevant Data (Note 1) 










6 


1/0 
(Note 
3) 


Address of Operand 


0 


New Operand Data (Note 3) 
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TABLE 8 - OPERATION SUMMARY (Continued) 



Address Mode 
and Instructions 


Cycles 


Cycle 


VMA 
Line 


Address Bus 


R/W 
Line 


Data Bus 


EXTENDED (Continued) 


STS 




1 


1 


Op Code Address 


1 


Op Code 


STX 




2 


1 


Op Code Address + 1 


1 


Address of Operand (High Order Byte) 




6 


3 


1 


Op Code Address + 2 


1 


Address of Operand (Low Order Byte) 




4 


0 


Address of Operand 


1 


Irrelevant Data (Note 1 ) 






5 


1 


Address of Operand 


0 


Operand Data (High Order Byte) 






6 


1 


Address of Operand + 1 


0 


Operand Oata (Low Order Byte) 


JSR 




1 
2 
3 
4 


1 
1 
1 
1 


Op Code Address 
Op Code Address + 1 
Op Code Address + 2 
Subroutine Starting Address 


1 
1 
1 
1 


Op Code 

Address of Subroutine (High Order Byte) 
Address of Subroutine (Low Order Byte) 
Op Code of Next Instruction 




9 


5 


1 


Stack Pointer 


0 


Return Address (Low Order Byte) 






6 


1 


Stack Pointer - 1 


0 


Return Address (High Order Byte) 






7 


0 


Stack Pointer - 2 


1 


Irrelevant Data (Note 1 1 






8 


0 


Op Code Address + 2 


1 


Irrelevant Oata (Note 1) 






9 


1 


Op Code Address + 2 


1 


Address of Subroutine (Low Order Byte) 



INHERENT 







ABA 


DAA 


SEC 


2 


1 


1 


Op Code Address 


1 


Op Code 






ASL 
ASR 


DEC 
INC 


SEI 
SEV 




2 


1 


Op Code Address + 1 


1 


Op Code of Next Instruction 






CBA 


LSR 


TAB 


















CLC 


NEG 


TAP 


















CLI 


NOP 


TBA 


















CLR 


ROL 


TPA 


















CLV 


ROR 


TST 


















COM 


SBA 




















DES 








1 


1 


Op Code Address 




Op Code 






DEX 
INS 






4 


2 


1 


Op Code Address + 1 




Op Code of Next Instruction 






INX 








3 


0 


Previous Register Contents 




Irrelevant Data (Note 1 ) 














4 


0 


New Register Contents 




Irrelevant Data (Note 1) 






PSH 








1 


1 


Op Code Address 




Op Code 












4 


2 


1 


Op Code Address + 1 




Op Code of Next Instruction 














3 


1 


Stack Pointer 




Accumulator Oata 














4 


0 


Stack Pointer - 1 




Accumulator Data 






PUL 








1 


1 


Op Code Address 




Op Code 












4 


2 


1 


Op Code Address + 1 




Op Code of Next Instruction 














3 


0 


Stack Pointer 




Irrelevant Data (Note 1 1 














4 


1 


Stack Pointer + 1 




Operand Data from Stack 






TSX 








1 


1 


Op Code Address 




Op Code 












4 


2 


1 


Op Code Address + 1 




Op Code of Next Instruction 














3 


0 


Stack Pointer 




Irrelevant Data (Note 1 ) 














4 


0 


New Index Register 




Irrelevant Data (Note 1) 






TXS 








1 


1 


Op Code Address 




Op Code 












4 


2 


1 


Op Code Address + 1 




Op Code of Next Instruction 














3 


0 


Index Register 




Irrelevant Data 














4 


0 


New Stack Pointer 




Irrelevant Data 






RTS 








1 


1 


Op Code Address 




Op Code 














2 


1 


Op Code Address + 1 




Irrelevant Data (Note 2) 












5 


3 


0 


Stack Pointer 




Irrelevant Data (Note 1 ) 














4 


1 


Stack Pointer + 1 




Address of Next Instruction (High 






















Order Byte) 














5 


1 


Stack Pointer + 2 


1 


Address of Next Instruction (Low 






















Order Byte) 
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TABLE 8 - OPERATION SUMMARY (Continued) 



Address Mod* 
and Instructions 


Cycles 


Cycle 

# 


VMA 
Line 


Address Bus 


R/W 
Line 


Data Bus 


INHERENT (Continued) 


WAI 




1 

2 


1 


Op Code Address 
Op Code Address + 1 


1 
1 


Op Code 

Op Code of Next instruction 






3 




Stack Pointer 


0 


Return Address (Low Order Byte) 






4 


; 


Stack Pointer — 1 


o 


Return Address (High Order Byte) 




9 


5 


\ 


Stack Pointer - 2 


0 


Index Register (Low Order Byte) 






6 




Stack Pointer - 3 


0 


Index Register (High Order Byte) 






7 


\ 


Stack Pointer - 4 


0 


Contents of Accumulator A 






8 


1 


Stack Pointer - 5 


0 


Contents of Accumulator B 






9 


1 


Stack Pointer - 6 (Note 4) 


1 


Contents of Cond. Code Register 


RTI 




1 
2 
3 


1 
1 


Op Code Address 
Op Code Address + 1 
Stack Pointer 


1 
1 
1 


Op Code 

Irrelevant Oata (Note 2) 
Irrelevant Oata (Note 1 ) 




10 


4 


1 


Stack Pointer + 1 


1 


Contents of Cond. Code Register from 
Stack 




5 
6 

7 


1 
1 


Stack Pointer + 2 
Stack Pointer + 3 
Stack Pointer + 4 


1 
1 

1 


Contents of Accumulator B from Stack 

Contents of Accumulator A from Stack 

index Register from Stack (High Order 
Byte) 






8 


1 


Stack Pointer + 5 


1 


Index Register from Stack (Low Order 
Byte) 






9 




Stack Pointer + 6 


1 


Next Instruction Address from Stack 
(High Order Byte) 






10 




Stack Pointer + 7 


1 


Next Instruction Address from Stack 
(Low Order Byte) 


SWI 




1 
2 




Op Code Address 
Op Code Address + 1 


1 
1 


Op Code 

Irrelevant Oata (Note 1 ) 






3 




Stack Pointer 


0 


Return Address (Low Order Byte) 






4 




Stack Pointer - 1 


0 


Return Address (High Order Byte) 






5 




Stack Pointer - 2 


0 


Index Register (Low Order Byte) 




12 


6 




Stack Pointer - 3 


0 


Index Register (High Order Byte) 




7 




Stack Pointer - 4 


0 


Contents of Accumulator A 






8 




Stack Pointer - 5 


0 


Contents of Accumulator B 






9 




Stack Pointer - 6 


0 


Contents of Cond. Code Register 






10 




Stack Pointer - 7 


1 


Irrelevant Oata (Note 1) 






11 




Vector Address FFFA (Hex) 


1 


Address of Subroutine (High Order 
Byte) 






12 




Vector Address F F F B (Hex) 


1 


Address of Subroutine (Low Order 
Byte) 


RELATIVE 




BCC BHI BNE 
BCS BLE BPL 
BEQ BLS BRA 
BGE BLT BVC 


4 


1 
2 
3 




Op Code Address 
Op Code Address + 1 
Op Code Address + 2 


1 
1 
1 


Op Code 
Branch Offset 
Irrelevant Oata (Note 1) 


BGT BMI BVS 




4 




Branch Address 


1 


Irrelevant Oata (Note 1) 


BSR 




1 
2 
3 




Op Code Address 

Op Code Address + 1 

Return Address of Main Program 


1 
1 
1 


Op Code 
Branch Offset 
Irrelevant Oata (Note 1 ) 




8 


4 




Stack Pointer 


0 


Return Address (Low Order Byte) 




5 




Stack Pointer - 1 


0 


Return Address (High Order Byte) 






6 


0 


Stack Pointer - 2 


1 


Irrelevant Oata (Note 1 ) 






7 


0 


Return Address of Main Program 


1 


Irrelevant Oata (Note 1 ) 






8 


0 


Subroutine Address 


1 


Irrelevant Oata (Note 1 ) 



Note 1 If device which is addressed during this cycle uses VMA. than the Data Bus will go to the high impedance three-state condition. 

Oepending on bus capacitance, data from the previous cycle may be retained on the Deta Bus. 
Note 2. Oata is ignored by the MPU. 

Note 3. For TST, VMA = 0 and Operand data does not change. 

Note 4. While the MPU is waiting for the interrupt, Bus Available will go high indicating the following states of the control lines: VMA is 
low; Address Bus, R/W, and Data Bus are all in the high impedance state. 



<8> 
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PERIPHERAL INTER FACE ADAPTER (PIA) 

The MC6820 Peripheral Interface Adapter provides the universal 
means of interfacing peripheral equipment to the MC6800 Micro- 
processing Unit (MPU). This device is capable of interfacing the MPU 
to peripherals through two 8-bit bidirectional peripheral data buses 
and four control lines. No external logic is required for interfacing to 
most peripheral devices. 

The functional configuration of the PIA is programmed by the 
, MPU during system initialization. Each of the peripheral data lines 
can be programmed to act as an input or output, and each of the 
four control/interrupt lines may be programmed for one of several 
control modes. This allows a high degree of flexibility in the over-all 
operation of the interface. 

• 8-Bit Bidirectional Data Bus for Communication with the MPU 

• Two Bidirectional 8-Bit Buses for Interface to Peripherals 

• Two Programmable Control Registers 

• Two Programmable Data Direction Registers 

• Four Individually-Controlled Interrupt Input Lines; Two Usable 

as Peripheral Control Outputs 

• Handshake Control Logic for Input and Output Peripheral 

Operation 

• High- Impedance 3-State and Direct Transistor Drive Peripheral 

Lines 

• Program Controlled Interrupt and Interrupt Disable Capability 

• CMOS Drive Capability on Side A Peripheral Lines 



MC6820 

(0 to 70°C; Lor P Suffix) 

MC6820C 

(-40 to 85°C; L Suffix only! 



MOS 

(N CHANNEL. SI LIC ON -GATE) 



PERIPHERAL INTERFACE 
ADAPTER 







!3P™ 

nil i 1 I 1 li ^ 




pfi 


L SUFFIX 




CERAMIC PACKAGE 






CASE 715 


NOT SHOWN: 


P SUFFIX 




PLASTIC PACKAGE 




CASE 711 



M6800 MICROCOMPUTER FAMILY 
BLOCK DIAGRAM 



MC6820 PERIPHERAL INTERFACE ADAPTER 
BLOCK DIAGRAM 



MC6800 
Microprocessor 



Read Only 
Memory 



Random 
Access 
Memory 




Interface 
Adapter 



Memory 
Address 

and 
Control 
Interrupt 




Peripheral 
Oata 



Address Data 
Bus Bus 
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ELECTRICAL CHARACTERISTICS (V C c * s -0 v ± 5 % » V SS * 0. T A " 0 to 70 °C uniett otherwise noted.) 



Characteristic 


Symbol 


Min 


Typ 


Max 


Unit 


Input High Voltage Enable 

Other Inputs 


V|H 


V S S * 2.4 
V S S + 2.0 




vcc 
vcc 


Vdc 


Input Low Voltage Enable 

Other Inputs 


V|L 


V ss -0.3 
V S S "0.3 




V S S + 0.4 
V 55 +0.8 


Vdc 


Input Leakage Current R/W, Reset. RSO, RS1, CSO, CS1 , CST. CAT, 
(Vj n = 0 to 5.25 Vdc) CB1, Enable 


"in 




1.0 


2.5 


MAdc 


Three-State (Off State) Input Current D0-D7, PB0-PB7, CB2 
(Vj n = 0.4 to 2.4 Vdc) 


'TSI 




2.0 


10 


MAdc 


Input High Current PA0-PA7, CA2 
(V|H « 2.4 Vdc) 


l|H 


-100 


-250 


- 


MAdc 


Input Low Current PA0-PA7, CA2 
(V| L = 0.4 Vdc) 


l| L 




-1.0 


-1.6 


mAdc 


Output High Voltage 

"Load * "205 MAdc, Enable Pulse Width < 25 ms> D0-D7 


v 0 h 


V SS + 2.4 

V ec 4 2 4 

v ss 1 






Vdc 


Output Low Voltage 

"Load = 1-6 rnAdc, Enable Pulse Width < 25 ms) 


vol 






V S S + 0.4 


Vdc 


Output High Current (Sourcmg) 

(V 0 H = 2-4 Vdc) D0-D7 

Other Outputs 

(Vq = 1.5 Vdc, the current for driving other than TTL. e.g., 
Darlington Base) PB0-PB7, CB2 


'oh 


-205 
-100 

-1.0 


- 
-2.5 


- 

-10 


M Adc 
MAdc 

mAdc 


Output Low Current (Sinking) 

(Vql = 0 4 Vdc) 


Iql 


1.6 






mAdc 


Output Leakage Current (Off State) IRQA, IRQB 
(V 0H = 2.4 Vdc) 


'loh 




1.0 


10 


MAdc 


Power Dissipation 


P D 






650 


mW 


Input Capacitance Enable 
(V| n = 0, T A = 25°C, f = 1.0 MHz) D0-D7 

PA0-PA7, PB0-PB7, CA2, CB2 
R/W, Reset, RSO, RS1. CSO, CS1 , CS2, CA1, CB1 


Cin 


- 

: 


- 

: 


20 
12.5 
10 
7.5 


PF 


Output Capacitance IRQA, IRQB 
<Vj„ = 0, T A = 25°C, f = 1 .0 MHz) PB0-PB7 


Cout 


: 


- 


5.0 
10 


pF 


Peripheral Data Setup Time (Figure 1) 


tPOSU 


200 


- 




ns 


Delay Time, Enable negative transition to CA2 negative transition 
(Figure 2,3) 


l CA2 






1.0 


ms 


Delay Time, Enable negative transition to CA2 positive transition 
(Figure 2) 


tRSI 


- 


- 


1.0 


MS 


Rise and Fall Times for CA1 and CA2 input signals (Figure 3) 


tr.tf 


- 


- 


1.0 


MS 


Delay Time from CA1 active transition to CA2 positive transition 
(Figure 3) 


tRS2 


- 


- 


2.0 


M$ 


Delay Time, Enable negative transition to Peripheral Data valid 
(Figures 4, 5) 


tpDW 






1.0 


MS 


Delay Time. Enable negative transition to Peripheral CMOS Data Valid 
(Vqc ~ 30% V CC , Figure 4; Figure 12 Load C) PA0-PA7, CA2 


<CMOS 






2.0 


MS 


Delay Time, Enable positive transition to CB2 negative transition 
(Figure 6. 7) 


tCB2 






1.0 


MS 


Delay Time, Peripheral Data valid to CB2 negative transition 
(Figure 5) 


*DC 


20 






ns 


Delay Time. Enable positive transition to CB2 positive transition 
(Figure 6) 


tRS1 






1.0 


MS 


Rise and Fall Time for CB1 and CB2 input signals (Figure 7) 


tr.tf 






1.0 


MS 


Delay Time, CB1 active transition to CB2 positive transition 
(Figure 7) 


tRS2 






2.0 


MS 


Interrupt Release Time, IRQA and IRQB (Figure 8) 


t|R 






16 


MS 


Reset Low Time* (Figure 9) 


tRL 


2.0 






MS 



•The Reset line must be high a minimum of 1 .0 ms before addressing the PIA. 
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MAXIMUM RATINGS 



Rating 


Symbol 


Value 


Unit 


Supply Voltage 


v C c 


-0.3 to +7.0 


Vdc 


Input Voltage 


V io 


-0.3 to +7.0 


Vdc 


Operating Temperature Range 


T A 


0 to +70 


°C 


Storage Temperature Range 


T stg 


-55 to +150 


6 C 


Thermal Resistance 




82.5 


°C/W 



This device contains circuitry to protect the 
inputs against damage due to high static volt- 
ages or electric fields: however, it is advised that 
normal precautions be taken to avoid applica- 
tion of any voltage higher than maximum rated 
voltages to this high impedance circuit 



BUS TIMING CHARACTERISTICS 
READ (Figures 10 and 12) 



Characteristic 


Symbol 


Min 


Typ 


Max 


Unit 


Enable Cycle Time 


WE 


1.0 






MS 


Enable Pulse Width, High 


PW EH 


0.45 




25 


MS 


Enable Pulse Width, Low 


pw el 


0.43 






MS 


Setup Time, Address and R/W valid to Enable positive transition 


tAS 


160 






ns 


Data Delay Time 


*DDR 






320 


ns 


Data Hold Time 


tH 


10 






ns 


Address Hold Time 


tAH 


10 






ns 


Rise and Fall Time for Enable input 


tEr.t E f 






25 


ns 



WRITE (Figures 11 and 12) 



Enable Cycle Time 


r cycE 


1.0 






MS 


Enable Pulse Width, High 


PW EH 


0.45 




25 


MS 


Enable Pulse Width, Low 


PW EL 


0.43 






M$ 


Setup Time, Address and R/W valid to Enable positive transition 


! AS 


160 






ns 


Data Setup Time 


*DSW 


195 






ns 


Data Hold Time 


T H 


10 






ns 


Address Hold Time 


tAH 


10 






ns 


Rise and Fall Time for Enable input 


tEr. f £f 






25 


ns 



- PERIPHERAL DATA SETUP TIME 
(Read Model 



FIGURE 2 - CA2 DELAY TIME 
(Read Mode;CRA-S * CRA-3 » 1.CRA-4 * 0) 



P AO-PA 7 
PB0-P87 



A. 0.8 V 
— -^PDSUj 



SUH— 



l CA2 -J H— — H 



CA2 



0.4 V 



'Assumes part wai deselected during 
the previous E pulse. 



FIGURE 3 - CA2 DELAY TIME 
(Read Mode; CRA-5 « 1, CRA-3 - CRA-4 - 0) 





— // — 


X 






-ft — -I 

// — = 


*2.0 V 
r 0.8 V 













M) 
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FIGURE 4 - PERIPHERAL CMOS DATA DELAY TIMES 
(Writ* Mod*; CRA-5 » CRA-3 - 1 , CRA-4 - 0) 



FIGURE 5 - PERIPHERAL DATA AND CB2 DELAY TIMES 
(Writs Mod*; CRB-5 - CRB-3 - 1, CRB-4 - 0) 




\|0.4 V / 








2.4 V 


X 


0.4 V 




-t DC -J 



CB2 Note: CS2 goes low as a result of the 
positive transition of Enable. 



FIGURE 6 - CB2 DELAY TIME 
(Writ* Mod*; CRB-5 - CRB-3 - 1 . CRB4 - 0) 



!.4 V N. 



— J— ^82 — 



'Assumes part was deselected during the 
previous E pulse. 



FIGURE 7 - CB2 DELAY TIME 
(Write Mod*; CRB-5- l,CRB3«CRB-4 - 0) 



-f'- 2.0 ^LP^ 



^062—1 



2.4 



— \i 24 y 

\|0.4 V/ / / 

• Assumes part was deselected during 
any previous E pulse. 



FIGURE 8 - IRQ RELEASE TIME 




FIGURE 10 - BUS READ TIMING CHARACTERISTICS 
(Reed Information from PI A) 



«AS-t 



RS, CS, R/W 



-tcvcE- 



X2.0V 
0.8 V . 



0.4 V 



A ° * v / 



FIGURE 9 - RESET LOW TIME 



- r R L - 



•The Reset line must be a V (H for a minimum of 
1.0 m« before addressing the PI A. 



FIGURE 11 - BUS WRITE TIMING CHARACTERISTICS 
(Writ* Information into PIA) 



«E 
<AS 



-tcycE- 



RS, CS. R/W 



XTo 
0.8 



-itOSwH I— 



Data Bus 



~* 'ah 




MOTOROLA Semiconductor Products Inc. 



HEATHKIT I m _ 

CONTINUING R-?S 
EDUCATION | U ^° 



MC6820 



FIGURE 12 - BUS TIMING TEST LOADS 



Load A 

(D0-D7, PA0-PA7, PB0-PB7, CA2, CB2) 



Tast Point O 




C« 730 pF for 00-07 

- 30 pF for PA0-PA7. PB0-P87, C A2, and C82 
R- 11.7 kfl for O0-D7 

- 24 kll for PA0-PA7, PB0-PB7. CA2 and CB2 



Loa d B 
(IRQ Only) 



5.0 V 
O 



100 pF ?p 



LoadC 
(CMOS Load) 



7rZ 30 pF 



P1A INTERFACE SIGNALS FOR MPU 



The PIA interfaces to the MC6800 MPU with an eight- 
bit bi-directional data bus, three chip select lines, two 
register select lines, two interrupt request lines, read/write 
line, enable line and reset line. These signals, in conjunc 
tion with the MC6800 VMA output, permit the MPU to 
have complete control over the PIA. VMA should be uti- 
lized in conjunction with an MPU address line into a chip 
select of the PIA. 

PIA Bi-Dfrectional Data (D0-D7) - The bi-directional 
data !mes (D0-D7) allow the transfer of data between the 
MPU and the PIA. The data bus output drivers are three- 
state devices that remain in the high-impedance (off) state 
except when the MPU performs a PIA read operation. The 
Read/Write line is in the Read (high) state when the PIA 
is selected for a Read operation. 

PIA Enable (E) - The enable pulse, E, <s the only 
timing signal that is supplied to the PIA. Timing of all 
other signals is referenced to the leading and trailing edges 
of the E pulse. This signal will normally be a derivative of 
the MC68O0<p2 Clock. 

PIA Read/Write (R/W) - This signal is generated by 
the MPU to control the direction of data transfers on the 
Data Bus. A low state on the PIA Read/Write line enables 
the input buffers and data is transferred from the MPU to 
the PIA on the E signal if the device has been selected. A 
high on the Read/Write line sets up the PIA for a transfer of 
data to the bus. The PIA output buffers are enabled when 
the proper address and the enable pulse E are present. 

Reset - The active low Reset line is used to reset 
all register bits m the PIA to a logical zero (low). This line 
can be used as a power -on reset and as a master reset during 
system operation. 



PIA Chip Select (CSO, CS1 andCS2) - These three input 
signals are use d to select the PIA. CSO and CS1 must be 
high and CS2 must be low for selection of the device. 
Data transfers are then performed under the control of the 
Enable and Read/Write signals. The chip select lines must 
be stable for the duration of the E pulse. The device is 
deselected when any of the chip selects are in the 
inactive state. 

PIA Register Select (RSO and RS1) - The two register 
select lines are used to select the various registers inside 
the PIA. These two lines are used in conjunction with 
internal Control Registers to select a particular register 
that is to be written or read. 

The register and chip select lines should be stable for 
the duration of the E p ulse wh ile in the re ad or write cycle. 

Interrupt Request (IRQA and IRQB) - The active low 
Interrupt Request lines (IRQA and IRQB) act to interrupt 
the MPU either directly or through interrupt priority 
circuitry. These lines are "open drain" (no load device on 
the chip). This permits all interrupt request lines to be 
tied toge ther in a wire-QR c onfiguration. 

Each Interrupt Request li ne has two interna l interrupt 
flag bits that can cause the Interrupt Request line to go 
low. Each flag bit is associated with a particular peripheral 
interrupt line. Also four interrupt enable bits are provided 
in the PIA which may be used to inhibit a particular 
interrupt from a peripheral device. 

Servicing an interrupt by the MPU may be accom- 
plished by a software routine that, on a prioritized basis, 
sequentially reads and tests the two control registers in 
each PIA for interrupt flag bits that are set. 

The interrupt flags are cleared (zeroed) as a result of an 
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EXPANDED 8 LOCK DIAGRAM 



(RQA 38 



DO 


33 




D1 


32 




02 


31 




D3 


30 




04 


29 




05 


2B 




D6 


27 




07 


26 





Data Bus 
Buffars 

(OBB) 



3F 



C 



Control 
Ragistar A 

(CRA) 



But Input 
Ragistar 

(Blfl) 



vcc * Pin 20 
V SS = Pin 1 



cso 


22 






est 


24 






CS2 


23 




Chip 


RSO 


36 




Saiact 
and 


R$1 


35 




R/W 


R/W 


21 




Control 


Enabla 


25 






Raaat 


34 







Output 
Ragistar a 

(ORAI 



Output 
Ragistar B 

(ORB) 



Control 
Ragtstar B 

(CRBI 



Interrupt Status 
Control A 



V 



-1/ 



0 



Oata O fraction 
Ragistar A 

(ODRA) 



5Z 



Paripharal 
Interfaca 
A 



Paripharai 
intariaca 
B 



Oata Oiraction 
Ragistar B 

( DO R 8) 



2 PAO 

3 P A 1 

■ 4 PA2 
5 PA3 

• 6 PA4 

■ 7 PA 5 
8 PA6 

. 9 Pa 7 




I RQB 37 



Intarrupt Status 
Control B 



• 18 CB1 
►19 CB2 
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MPU Read Peripheral Data Operation of the corresponding 
data register. After being cleared, the interrupt flag bit 
cannot be enabled to be set until the PI A is deselected 
during an E pulse. The £ pulse is used to condition the 
interrupt control lines (CA1, CA2, CB1, CB2). When 
these lines are used as interrupt inputs at least one E 



pulse must occur from the inactive edge to the active 
edge of the interrupt input signal to condition the edge 
sense network. If the interrupt flag has been enabled and 
the edge sense circuit has been properly conditioned, 
the interrupt flag will be set on the next active transition 
of the interrupt input pin. 



P1A PERIPHERAL 

The PIA provides two 8-bit bi-directional data buses 
and four interrupt/control lines for interfacing to periph- 
eral devices. 

Section A Peripheral Data {PA0-PA7) - Each of the 
peripheral data lines can be programmed to act as an input 
or output. This is accomplished by setting a "1" in the 
corresponding Data Direction Register bit for those lines 
which are to be outputs. A "0" in a bit of the Data 
Direction Register causes the corresponding peripheral 
data line to act as an tnput. During an MPU Read Peripheral 
Data Operation, the data on peripheral lines programmed 
to act as inputs appears directly on the corresponding 
MPU Data 8us lines. In the input mode the internal 
pullup resistor on these lines represents a maximum of one 
standard TTL load. 

The data in Output Register A will appear on the data 
lines that are programmed to be outputs. A logical "1" 
written into the register will cause a "high" on the cor- 
responding data line while a "0" results in a "low" Data 
in Output Register A may be read by an MPU "Read 
Peripheral Data A" operation when the corresponding 
lines are programmed as outputs. This data will be read 
properly if the voltage on the peripheral data lines 
is greater than 2.0 volts for a logic "1" output and 
less than 0.8 volt for a logic "0" output. Loading the 
output lines such that the voltage on these lines does not 
reach full voltage causes the data transferred into the MPU 
on a Read operation to differ from that contained in the 
respective bit of Output Register A. 

Section B Peripheral Data (PB0-PB7) - The peripheral 
data lines in the B Section of the PIA can be programmed 
to act as either inputs or outputs in a similar manner to 
PA0-PA7. However, the output buffers driving these lines 
differ from those driving lines PA0-PA7. They have three- 



ERFACE LINES 

state capability, allowing Them to enter a high impedance 
state when the peripheral data line is used as an tnput. In 
addition, data on the peripheral data lines PB0-PB7 will 
be read properly from those lines programmed as outputs 
even if the voltages are below 2.0 volts for a "high". As 
outputs, these lines are compatible with standard TTL and 
may also be used as a source of up to 1 nulliampere at 1.5 
volts to directly drive the base of a transistor switch. 

Interrupt Input (CA1 and C81) - Peripheral Input lines 
CA1 and CB1 are input only lines that set the interrupt 
flags of the control registers. The active transition for these 
signals is also programmed by the two control registers. 

Peripheral Control (CA2) - The peripheral control line 
CA2 can be programmed to act as an interrupt input or as 
a peripheral control output. As an output, this line is com- 
patible with standard TTL; as an input the internal pullup 
resistor on this line represents one standard TTL load. The 
function of this signal line is programmed with Control 
Register A. 

Peripheral Control (C82> - Peripheral Control line CB2 
may also be programmed to act as an interrupt input or 
peripheral control output. As an input, this line has 
high input impedance and is compatible with stand- 
ard TTL. As an output it is compatible with standard 
TTL and may also be used as a source of up to 1 milli- 
ampere at 1 .5volts to directly drive the base of a transistor 
switch. This line is programmed by Control Register B. 



NOTE: Ir is recommended that the control lines <CA1, CA2. 
CB1, C82) should be held in a logic 1 state when Reset is active 
to prevent sett ing of corresponding interrupt flags in the control 
registe r when Reset goes to an inactive state. Subsequent to 
Reset going inactive, a read of the data registers may be used to 
clear any undesired interrupt flags. 
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INTERNAL CONTROLS 



There are six locations within the PIA accessible to the 
MPU data bus: two Peripheral Registers, two Data 
Direction Registers, and two Control Registers. Selection 
of these locations is controlled by the RSO and RS1 inputs 
together with bit 2 in the Control Register, as shown 
in Table 1. 



TABLE 1 - INTERNAL ADDRESSING 



RS1 


RSO 


Controt 
Register Bit 


Location Selected 


CRA-2 


CRB-2 


0 


0 


1 


X 


Peripheral Register A 


0 


0 


0 


X 


Data Direction Register A 


0 


1 


X 


X 


Control Register A 


1 


0 


X 


1 


Peripheral Register B 


1 


0 


X 


0 


Data Direction Register B 


1 


1 


X 


X 


Control Register B 



X = Don't Care 



INITIALIZATION 

A low reset line has the effect of zeroing all PIA regis- 
ters. This will set PA0-PA7, PB0-PB7, CA2 and CB2 as 
inputs, and all interrupts disabled. The PIA must be con- 
figured during the restart program which follows the reset. 

Details of possible configurations of the Data Direction 
and Control Register are as follows. 

DATA DIRECTION REGISTERS (DDRA and DDRB) 

The two Data Direction Registers allow the MPU to 
control the direction of data through each corresponding 
peripheral data line. A Data Direction Register bit set at 
"0" configures the corresponding peripheral data line as 
an input; a "1 " results in an output. 



CONTROL REGISTERS (CRA and CRB) 

The two Control Registers (CRA and CRB) allow the 
MPU to control the operation of the four peripheral 
control lines CA1, CA2, CB1 and CB2. In addition they 
allow the MPU to enable the interrupt lines and monitor 
the status of the interrupt flags. Bits 0 through 5 of the 
two registers may be written or read by the MPU when 
the proper chip select and register select signals are 
applied. 8its 6 and 7 of the two registers are read only 
and are modified by external interrupts occurring on 
control lines CAl f CA2. CB1 or CB2. The format of the 
control words is shown in Table 2. 



TABLE 2 - CONTROL WORD FORMAT 



7 


6 


5 1 4 | 3 


2 


. 1 o 


IRQA1 


IROA2 


CA2 Control 


DORA 
Access 


CA1 Control 


7 


6 


> 1 4 | 3 


2 


, | 0 


IRQB1 


IRQB2 


CB2 Control 


DDRB 
Access 


CB1 Control 



Data Direction Access Control Bit (CRA-2 and CR B-21 - 
Bit 2 in each Control register (CRA and CRB) allows 
selection of either a Peripheral Interface Register or the 
Data Direction Register when the proper register select 
signals are applied to RSO and RSI. 

Interrupt Flags {CRA-6. CRA-7, CRB-6, and CRB-7) - 

The four interrupt flag bits are set by active transitions of 
signals on the four Interrupt and Peripheral Control lines 
when those lines are programmed to be inputs. These bits 
cannot be set directly from the MPU Data Bus and are 
reset indirectly by a Read Peripheral Data Operation on 
the appropriate section. 



TABLE 3 - CONTROL OF INTERRUPT INPUTS CA1 AND CB1 



CRA-1 
(CRB-1) 


CRA-0 
(CRB-0) 


Interrupt Input 
CA1 (CB1) 


Interrupt Flag 
CRA-7 (CRB-7) 


MPU Interrupt 

Request 
fR7ft(iRQg) 


0 


0 


; Active 


Set high on j of CA1 
(CB1) 


Disabled — IRQ re- 
mains high 


0 


1 


; Active 


Set high on ; of CA1 
(CB1) 


Goes low when the 
interrupt flag bit CRA-7 
(CRB-7) goes high 


1 


0 


■ Active 


Set nigh on * of CA1 
(CBD 


Disabled — IRQ re- 
mains high 


1 


1 


t Active 


Set high on T of CA1 
(CB1) 


Goes low when the 
interrupt flag bit CRA-7 
(CR8-7) goes high 



Notes: 1 ♦ indicates positive transition (low to high) 



2 ; indicates negative transition (high to low) 

3. The Interrupt flag bit CRA-7 is cleared by an MPU Read of the A Data Register. 

and CRB-7 is cleared by an MPU Read of the B Data Register. 
4 If CR A-0 (CRB-0) i s low when an interrupt occurs (Interrupt disabled) and is later brought 
high, IRQA (1RQBI occurs after CRA-0 (CRB-0) is written to a "one". 
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Control of CA1 and C81 Interrupt Input Lines (CRA-O, 
CRB-O, CRA-1, and CRB-1) - The two lowest order bits 
of the control registers are used to control the interrupt 
input lines CAT and CB1. Bits CRA-0 and CRB-0 are 



used to enable the MPU interrupt signals IRQA and IRQB, 
respectively. Bits CRA-1 and CRB-1 determine the active 
transition of the interrupt input signals CA1 and CB1 
(Table 3). 



TABLE 4 - CONTROL OF CA2 AND CB2 AS INTERRUPT INPUTS 
CRA5 (CRB5) is low 



CRA-5 
(CRB-5) 


CRA-4 
(CRB-4) 


CRA-3 
(CRB-3) 


Interrupt Input 
CA2 (CB2) 


Interrupt Flag 
CRA-6 (CRB-6) 


MPU Interrupt 

Request 
iRTO(iRl5B) 


0 


0 


0 


; Active 


Set high on ; of CA2 
(CB2) 


Disabled — IRTS re- 
mains high 


0 


0 


1 


i Active 


Set high on . of CA2 
(CB2) 


Goes low when the 
interrupt flag bit CRA-6 
(CRB-6) goes high 


0 


1 


0 


* Active 


Set high on ? of CA2 
(CB2) 


Disabled — (TO re- 
mains high 


0 


1 


1 


* Active 


Set high on ■ of CA2 
(CB2) 


Goes low when the 
interrupt flag bit CRA-6 
(CRB-6) goes high 



Notes: t * indicates positive transition (low to high) 

2. . indicates negative transition (high to low) 

3. The Interrupt flag bit CRA-6 is cleared by an MPU Read of the A Data Register and CRB-6 is 
cleared by an MPU Read of the B Data Register. 

4. If CR A-3 (CRB-3) is»low when an interrupt occurs (Interrupt disabled) and is later brought 
high, IRQA (IRQB) occurs after CRA-3 iCRB-3) is written to a "one". 



TABLE 5 - CONTROL OF CB2 AS AN OUTPUT 
CRB-5 is high 



CRB-5 


CRB-4 


CRB-3 


CB2 

Cleared Set 


1 


0 


0 


Low on the positive transition of 
the first E pulse following an 
MPU Write B ' Data Register 
operation 


High when the interrupt flag bit 
CRB-7 is set by an active transi- 
tion of the CB1 signal. 


1 


0 


1 


Low on the positive transition of 
the first E pulse after an MPU 
Write "8" Data Register opera- 
tion. 


High on the positive edge of 
the first "E" pulse following an 
"E" pulse which occurred while 
the part was deselected. 


1 


1 


0 


Low when CRB-3 goes low as a 
result of an MPU Write in Control 
Register B' 


Always low as long as CRB-3 is 
low. Will go high on an MPU Write 
in Control Register B" that 
changes CRB-3 to one . 


1 


1 


1 


Always high as long as CRB-3 is 
high. Will be cleared when an 
MPU Write Control Register B 
results in clearing CRB-3 to 
zero . 


High when CRB-3 goes high as a 
result of an MPU Write into 
Control Register "B". 
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Control of CA2 and CB2 Peripheral Control Lines 
(CRA-3, CRA-4, CRA-5, CRB-3, CRB-4, and CRB-5) - 

Bits 3, 4, and 5 of the two control registers are used to 
control the CA2 and CB2 Peripheral Control lines. These 
bits determine if the control lines will be an interrupt 
input or an output control signal. If bit CRA-5 (CRB-5) 



is low, CA2 (CB2) is an interrupt input line similar to 
CA1 (CB1 ) (Table 4). When CRA-5 (CRB-5) is high. CA2 
(CB2) becomes an output signal that may be used to 
control peripheral data transfers. When in the output 
mode, CA2 and CB2 have slightly different characteristics 
(Tables 5 and 6). 



TABLE 6 - CONTROL OF CA-2 AS AN OUTPUT 
CRA-5 is hiflh 



CRA-5 


CRA-4 


CRA-3 


CA2 

Cleared Set 


1 


0 


0 


Low on negative transition of E 
after an MPU Read "A" Data 
operation. 


High when the interrupt flag bit 
CRA-7 is set by an active transi- 
tion of the CA1 signal. 


1 


0 


1 


Low on negative transition of E 
after an MPU Read "A" Data 
ooeration. 


High on the negative edge of 
the first "E" pulse which occurs 
during a deselect. 


1 


1 


0 


Low when CRA-3 goes low as a 
result of an MPU Write to 
Control Register "A". 


Always low as long as CRA-3 is 
low. Will go high on an MPU 
Write to Control Register "A" 
that changes CRA-3 to "one". 


1 


1 


1 


Always high as long as CRA-3 
is high. Will be cleared on an 
MPU Write to Control Register 
"A" that clears CRA-3 to 

a "zero". 


High when CRA-3 goes high as 
a result of an MPU Write to 
Control Register "A". 



PIN ASSIGNMENT 



PACKAGE DIMENSIONS 



1 C 

2 C 

3 C 

4 C 

5 C 

6 C 

7 C 

8 C 

9 C 

10 C 

11 r. 

12 £ 

13 r. 

14 C 

15 C 

16 C 

17 C 

18 C 

19 C 

20 C 



O 

PA0 
PA 1 
PA2 
PA3 
PA4 
PAS 
PA6 
PA 7 
PB0 
PB1 
PB2 
PB3 
PB4 
PBS 
PB6 
PB7 
CB1 
CB2 



CA 1 
CA2 
IRQA 
fRQB 
RSO 
RS1 
Reset 
DO 
01 
02 
03 
D4 
D5 
D6 
□ 7 
E 

CS 1 
CS2 



CSO ] 22 
R/W ] 21 



) 40 
] 39 
3 38 
3 37 
3 36 
3 35 
3 34 
3 33 
3 32 
3 31 
3 30 
3 29 
3 28 
3 27 
3 26 
3 25 
) 24 
3 23 



CASE 715-02 
(CERAMIC) 




SEE PAGE 165 FOR 
PLASTIC PACKAGE 
DIMENSIONS. 



O 



SEATING PLANE 



G — . 



J M- 

L 



DIM 


MILLIMETERS 


INCHES 


MIN 


MAX 


MIN 


MAX 


A 


50.29 


51.31 


1.980 


2.020 


8 


14.86 


15.62 


0.585 


0.615 


C 


2.54 


4.19 


0.100 


0.165 


0 


0.38 


0.53 


0.015 


0.021 


F 


0.76, 


1.40 


0.030 


0.055 


G 


2.54 BSC 


0.100 BSC 


H 


0.76 


1.78 


0.030 


0.070 


J 


0.20 


0.33 


0.008 


0.013 


K 


2.54 


4.19 


0.100 


0.165 


L 


14.60 


15.37 


0.575 


0.605 


M 




10° 




10° 


N 


0.51 


1.52 


0.020 


0.060 



NOTE: 

I. LEAOS. TRUE POSITIONED WITHIN 
0.25 mm (0.010) 0IA (AT SEATING 
PLANE). AT MAX. MAT'L 
CONDITION. 
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ASYNCHRONOUS COMMUNICATIONS INTERFACE 
ADAPTER (ACIA) 

The MC6850 Asynchronous Communications Interface Adapter 
provides the data formatting and control to interface serial asyn- 
chronous data communications information to bus organized sys- 
tems such as the MC6800 Microprocessing Unit. 

The bus interface of the MC6850 includes select, enable, read/ 
write, interrupt and bus interface logic to allow data transfer over 
an 8-bit bi-directional data bus. The parallel data of the bus system 
is serially transmitted and received by the asynchronous data inter 
face, with proper formatting and error checking. The functional 
configuration of the ACIA is programmed via the data bus during 
system initialization. A programmable Control Register provides 
variable word lengths, clock division ratios, transmit control, receive 
control, and interrupt control. For peripheral or modem operation 
three control lines are provided. These lines allow the ACIA to 
interface directly with the MC6860L O600 bps digital modem. 

• Eight and Nine-Bit Transmission 

• Optional Even and Odd Parity 

• Parity, Overrun and Framing Error Checking 

• Programmable Control Register 

• Optional -M, ^16. and ^-64 Clock Modes 

• Up to 500 kbps Transmission 

• False Start Bit Deletion 

• Peripheral/Modem Control Functions 

• Double Buffered 

• One or Two Stop Bit Operation 



MC6850 

(0 to 70°C; L or P Suffix) 

MC6850C 

(-40 to 85°C; L Suffix only) 



M 



(N-CHANNEL, SILICON-GATE) 



ASYNCHRONOUS 
COMMUNICATIONS INTERFACE 
ADAPTER 




L SUFFIX 

CERAMIC PACKAGE 
CASE 716 



NOT SHOWN: P SUFFIX 

PLASTIC PACKAGE 
CASE 709 



M6800 MICROCOMPUTER FAMILY 
BLOCK DIAGRAM 



MC68S0 ASYNCHRONOUS COMMUNICATIONS INTERFACE ADAPTER 
BLOCK DIAGRAM 



MC6300 
Microprocessor 



Read Only 
Memory 



Random 
Access 
Memory 



Data 

Bo* 
Butfars 



l nterface 
Adapter 



MC68SO 
I mar faca- 
Adaptf 



Address 
Confol 

and 
I nterrupt 



Sanction 
and 

Control 



Transmit 
Data 



Receive 
Data 



Peripheral/ 
Modem 
Control 



Address Data 
Bus Bus 
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MAXIMUM RATINGS 



Rating 


Symbol 


Value 


Unit 


Supply Voltage 


v C c 


-0.3 to +7.0 


Vdc 


Input Voltage 




-0.3 to +7.0 


Vdc 


Operating Temperature Range 


T A 


0to+70 


*C 


Storage Temperature Range 


T StQ 


-55 to +150 


°C 


Thermal Resistance 


*JA 


82.5 


°c/w 



Thii device contains circuitry to protect the 
inputs against damage due to high static 
voltages or electric fields; however, it is ad- 
vised that normal precautions be taken to 
avoid application of any voltage higher 
than maximum rated voltages to this high- 



ELECTRICAL CHARACTERISTICS (v cc « 5.0 V ±S%, V ss = 0, T A = 0 to 70°C unless otherwise noted.) 


Characteristic 


Symbol 


Min 


Typ 


Max 


Unit 


Input High Voltage 


V|H 


V SS ♦ 2.0 




v C c 


Vdc 


input Low Voltage 


V IL 


V S S -0-3 


_ 


v S s + o- 8 


Vdc 


I nput Leakage Current R/W,CS0,CS 1 ,CS2. Enable 
(V in = 0 to 5.25 Vdc) 


'in 


- 


1.0 


2.5 


uAdc 


Three-State (Off State) Input Current D0-D7 
(V in - 0.4 to 2.4 Vdc) 


>TSI 


- 


2.0 


10 


uAdc 


Output High Voltage D0-D7 

Load * ~ 205 MAdc, Enable Pulse Width <25 us) 

(l Lo ad = _'i00 uAdc, Enable Pulse Width <25 us) Tx Data, RTS 


V 0 H 


V$s + 24 
vss + 24 


z 


_ 


Vdc 


Output Low Voltage 

(l Load = 1 .6 mAdc, Enable Pulse Width <25 us) 


vol 






v S s + 04 


Vdc 


Output Leakage Current (Off State) IRQ 
(Vqh = 2 4 Vdc) 


'loh 




1.0 


10 


uAdc 


Power Dissipation 


pd 




300 


525 


mW 


Input Capacitance 

(Vfn " 0. T A - 25°C. f=1.0MHz) D0-D7 
E, Tx Clk, Rx Clk, R/W. RS, Rx Data, CS0, CS1 , CS2, CTS, DCD 


C,n 




10 

7.0 


12.5 
7.5 


PF 


Output Capacitance RTS, Tx Data 
(V jrt «0,T A - 25°C, f - 1.0 MHz) IRQ 


c out 






10 
5.0 


pF 


Minimum Clock Pulse Width. Low (Figure 1 1 + 16, -64 Modes 


PW CL 


600 






ns 


Minimum Clock Pulse Width, High (Figure 2) h-16. ^64 Modes 




600 






ns 


Clock Frequency H Mode 

^16, +64 Modes 


'c 






500 
800 


kHz 


Clock-to-Data Delay for Transmitter (Figure 3) 


«TDD 






1.0 


MS 


Receive Data Setup Time (Figure 4) -M Mode 


t RDSU 


500 






ns 


Receive Data Hold Time (Figure 5) +1 Mode 


<RDH 


500 






ns 


Interrupt Request Release Time (Figure 6) 


t|fi 






1.2 


MS 


Request to-Send Delay Time (Figure 6) 


tRTS 






1.0 


MS 


Input Transition Times (Except Enable) 


tr.tf 






1.0* 


MS 


* 1.0 us or 10% of the pulse width, whichever is smaller. 
BUS TIMING CHARACTERISTICS 
READ (Figures 7 and 9) 


Characteristic 


Symbol 


Min 


Typ 


Max 


Unit 


Enable Cycle Time 


tcycE 


1.0 






MS 


Enable Pulse Width, High 


PW EH 


0.45" 




25 


MS 


Enable Pulse Width, Low 


PW EL 


0.43 






MS 


Setup Time, Address and R/W valid to Enable positive transition 


tAS 


160 






ns 


Data Delay Time 


<DDR 






320 


ns 


Data Hold Time 


*H 


10 






ns 


Address Hold Time 


<AH 


10 






ns 


Rise and Fall Time for Enable input 


*Er. «Ef 






25 


ns 


WRITE (Figure 8 and 9) 


Enable Cycle Time 


tcycE 


1.0 






MS 


Enable Pulse Width. High 


PW EH 


0.45 




25 


MS 


Enable Pulse Width, Low 


PW £L 


0.43 






MS 


Setup Time, Address and R/W valid to Enable positive transition 


»AS 


160 






ns 


Data Setup Time 


*DSW 


195 






ns 


Data Hold Time 


<H 


10 






ns 


Address Hold Time 


«AH 


10 






ns 


Rise and Fail Time for Enable input 


t£r- «Ef 






25 


ns 
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FIGURE 1 - CLOCK PULSE WIDTH. LOW-STATE 



FIGURE 2 - CLOCK PULSE WIDTH, HIGH-STATE 




FIGURE 3 - TRANSMIT DATA OUTPUT DELAY 



Tx Clk \ 


.0.8 V / 


T TDO 




V 

Tx Data A 


2.4 V 
0.4 V 







FIGURE 5 - RECEIVE DATA HOLD TIME 
(-1 I 



- 

RxClk j 




2.0 V 






«ROH 


2.0 V 

Rx Data 

0.8 V „ 


k 







FIGURE 7 - BUS READ TIMING CHARACTERISTICS 
(Read information from ACIA) 



S.CS.R/W 



. <cycE 



* Pw EH •( -*-PW eJ _-» 

/ 2.ov \ 

J t Er \ 0.8 V 



'Ei 
t DDR 



2.0 V 
0.8 V 



u — t AH 



2.4 v r 

0.4 v I 




tx cik ; 


L 2.0V ^ 


/ 




RxClk / 






pw ch H 



FIGURE 4 - RECEIVE DATA SETUP TIME 

(v1 Mode) 



/ V 0-8 V 



tRDSU 



FI GURE 6 - REQUEST -T O-SEND DELAY AND 
INTERRUPT REQUEST RELEASE TIMES 




FIGURE 8 - BUS WRITE TIMING CHARACTERISTICS 
(Writa information into ACIA) 



«AS- 



K pw ehH 



v ^ P 0.8 v 



X 



A r0 8 V-A 
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FIGURE 9 - BUS TIMING TEST LOADS 



Load A J_oad B 

(DO D7, RTS. Tx Data) (IRQ Only) 



Test Pomt O— 



MMDS 150 
or tyuiv 



■ J 



VIMD7000 
Or Eduiv 



C * 130 t>F 'or DO D7 

* 30 for R TS anri T* Data 



R - 11.7 kit for O0-O7 

- 24 ktt for RTS and Tx Data 



Transmit Clock 4 • 
Enable 14 - 

Read /Write 13 ■ 
Chip Setect 0 8 • 
Ch.p Select 1 10 - 



Chip Setect 2 9 
Register Select 1 1 



DO 22 • 
Ol 21 • 
D2 20 • 
D3 19 • 
D4 18 • 
D5 17 * 
D6 16 • 
D7 15 • 



Ch.p 
Select 
and 
Read/Write 
Control 



Data 
But 
Buffers 



V SS = Pin 1 



Receive Clock 3 



EXPANDED BLOCK DIAGRAM 



0 



0 



Transmit 

Data 
Register 



=0 



Status 
Register 



FT 



Control 
Register 



Receive 

Data 
Register 



Clock 1 
Gen ! 



Parity 
Gen 



Transmit 

Shift 
Register 



Transmit 
Control 



Interrupt 
Logic 



Receive 
Control 



> 6 Transm-t Data 

24 Clear to Send 

' 7 Interrupt Request 
23 Data Carrier Detect 



5 Request to Sena 



Parity 
Check 



Receive 

Shift 
Register 



Clock 
Gen 



Sync 
Logic 



2 Receive Data 



DEVICE OPERATION registers are Status and Receive Data; the write-only 
At the bus interface, the ACIA appears as two address- registers are Control and Transmit Data. The serial inter- 
able memory locations. Internally, there are four registers: face consists of serial input and output lines with inde- 
two read-only and two write-only registers. The read-only pendent clocks, and three peripheral /modem control lines. 
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POWER ON/MASTER RESET 

The master reset (CRO, CRD should be set dunng 
system initialization to insure the reset condition and 
prepare for programming the AO A functional configu- 
ration when the communications channel is required. 
Control bits CR5 and CR6 should also be programmed to 
define the state of RTS whenever master reset is utilized. 
The ACIA also contains internal power-on reset logic to 
detect the power line turn-on transition and hold the chip 
in a reset state to prevent erroneous output transitions 
prior to initialization. This circuitry depends on clean 
power turn-on transitions. The power-on reset is released 
by means of the bus-programmed master reset which must 
be applied prior to operating the ACIA. After master 
resetting the ACIA. the programmable Control Register 
can be set for a number of options such as variable clock 
divider ratios, variable word length, one or two stop bits, 
parity (even, odd, or none), etc. 

TRANSMIT 

A typical transmitting sequence consists of reading 
the ACIA Status Register either as a result of an interrupt 
or in the ACIA's turn in a polling sequence. A character 
may be written into the Transmit Data Register if the 
status read operation has indicated that the Transmit 
Data Register is empty. This character is transferred to a 
Shift Register where it is serialized and transmitted from 
the Transmit Data output preceded by a start bit and 
followed by one or two stop bits. Internal parity (odd or 
even) can be optionally added to the character and will 
occur between the last data bit and the first stop bit. 
After the first character is written in the Data Register, 
the Status Register can be read again to check for a 
Transmit Data Register Empty condition and current per 
ipheral status. If the register is empty, another character 
can be loaded for transmission even though the first 
character is in the process of being transmitted (because 
of double buffering). The second character will be auto 
matically transferred into the Shift Register when the first 
character transmission is completed. This sequence con- 
tinues until all the characters have been transmitted. 

RECEIVE 

Data is received from a peripheral by means of the 
Receive Data input. A divide-by-one clock ratio is pro- 
vided for an externally synchronized clock (to its data) 
while the divide-by- 16 and 64 ratios are provided for 
internal synchronization. Bit synchronization in the 
divide-by- 16 and 64 modes is initiated by the detection of 
the leading mark-to-space transition of the start bit. 
False start bit deletion capability insures that a full half 
bit of a start bit has been received before the internal 
clock is synchronized to the bit time. As a character is 
being received, parity (odd or even) will be checked and 
the error indication will be available in the Status Register 
along with framing error, overrun error, and Receive Data 
Register full. In a typical receiving sequence, the Status 
Register is read to determine if a character has been re- 



ceived from a peripheral. If the Receiver Data Register is 
full, the character is placed on the 8-bit ACIA bus when a 
Read Data command is received from the MPU. When 
parity has been selected for an 8-bit word (7 bits plus 
parity}, the receiver strips the parity bit (D7 = 0) so that 
data alone is transferred to the MPU. This feature reduces 
MPU programming. The Status Register can continue to 
be read again to determine when another character is 
available in the Receive Data Register, The receiver is 
also double buffered so that a character can be read from 
the data register as another character is being received 
in the shift register. The above sequence continues until 
ail characters have been received. 

INPUT/OUTPUT FUNCTIONS 

ACIA INTERFACE SIGNALS FOR MPU 

The ACIA interfaces to the MC6800 MPU with an 8-bit 
bi-directional data bus, three chip select lines, a register 
select line, an interrupt request line, read/write line, and 
enable line. These signals, in conjunction with the 
MC6800 VMA output, permit the MPU to have complete 
control over the ACIA. 

ACIA Bi-Oirectional Data {D0-D7) - The bi-directional 
data lines (D0-D7) allow for data transfer between the 
ACIA and the MPU. The data bus output drivers are 
three-state devices that remain in the high-impedance 
(off) state except when the MPU performs an ACIA 
read operation. 

ACIA Enable (E) - The Enable signal, E, is a high 
impedance TTL compatible input that enables the bus 
input output data buffers and docks data to and from 
the ACIA. This signal will normally be a derivative of 
the MC6800 c2 Clock. 

Read/Write (R/W) - The Read Write line is a high 
impedance input that is TTL compatible and is used to 
control the direction of data flow through the ACIA's 
input output data bus interface. When Read/Write is 
high (MPU Read cycle), ACIA output drivers are turned 
on and a selected register is read. When it is low, the 
ACIA output drivers are turned off and the MPU writes 
into a selected register. Therefore, the Read/Write 
signal is used to select read-only or write-only registers 
within the ACIA. 

Chip Select (CSO, CS1, CS2) - These three high im- 
pedance TTL compatible input lines are used to address 
the ACIA. The ACIA is selected when CSO and CSl are 
high and CS2 is low. Transfers of data to and from the 
ACIA are then performed under the control of the Enable 
signal, Read/Write, and Register Select. 

Register Select (RS) - The Register Select line is a 
high impedance input that is TTL compatible. A high 
level is used to select the Transmit/Receive Data Registers 
and a low level the Control/Status Registers. The Read/ 
Write signal line is used in conjunction with Register 
Select to select the read-only or write-only register in each 
register pair. 

Interrupt Request (IRQ) - Interrupt Request is a TTL 
compatible, open-drain (no internal pullup), active low 
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output that is used to interrupt the MPU. The IRQ output 
remains low as long as the cause of the interrupt is present 
and the appropriate interrupt enable within the ACIA is 
set. The IRQ status bit, when high, indicates the IRQ 
output is in the active state. 

Interrupts result from conditions in both the trans- 
mitter and receiver sections of the ACIA. The transmitter 
section causes an interrupt when the Transmitter Interrupt 
Enabled condition is selected (CR5 • "CTTol, and the 
Transmit Data Register Empty (TDRE) status bit is high. 
The TDRE status bit indicates the current status of the 
Transmitter Data Register except when inhibited by 
Clear-to-Send (CTS) being high or the ACIA being 
maintained in the Reset condition. The interrupt is cleared 
by writing data into the Transmit Data Register. The 
interrupt is masked by disabling th e Tra nsmitter Interrupt 
via CR5 or CR6 or by the loss of CTS which inhibits the 
TDRE status bit. The Receiver section causes an interrupt 
when the Receiver Interrupt Enable is set and the Receive 
Data Register F ull (RDRF) status b it is h igh, an Overrun 
has occurred, or Data Carrier Detect (DCD) has gone high. 
An interrupt resulting from the RDRF status bit can be 
cleared by reading data or resetting the ACIA. Interrupts 
caused by Overrun or loss of DCD are cleared by reading 
the status register after the error condition has occurred 
and then reading the Receive Data Register or resetting 
the ACIA. The receiver interrupt is masked by resetting 
the Receiver Interrupt Enable. 

CLOCK INPUTS 

Separate high impedance TTL compatible inputs are 
provided for clocking of transmitted and received data. 
Clock frequencies of 1, 16 or 64 times the data rate may 
be selected. 

Transmit Clock (Tx Clk) - The Transmit Clock input 
is used for the clocking of transmitted data. The trans- 
mitter initiates data on the negative transition of the 
clock. 

Receive Clock (Rx Clk) - The Receive Clock input is 
used for synchronization of received data. (In the + 1 
mode, the clock and data must be synchronized exter- 
nally.) The receiver samples the data on the positive 
transiton of the clock. 

SERIAL INPUT/OUTPUT LINES 

Receive Data (Rx Data) - The Receive Data line is a 
high impedance TTL compatible input through which data 
is received in a serial format. Synchronization with a 
clock for detection of data is accomplished internally 
when clock rates of 16 or 64 times the bit rate are used. 
Data rates are in the range of 0 to 500 kbps when external 
synchronization is utilized. 

Transmit Data (Tx Data) - The Transmit Data output 
line transfers serial data to a modem or other peripneral. 
Data rates are in the range of 0 to 500 kbps when external 
synchronization ts utilized. 
PERIPHERAL/MODEM CONTROL 

The ACIA includes several functions that permit limited 



control of a peripheral or modem. The functions included 
are CI ear -to- Send, Request-to-Send and Data Carrier De- 
tect. 

Clear-to-Send (CTS) - This high impedance TTL com- 
patible input provides automatic control of the trans- 
mitting end of a communications link via the modem 
Clear-to- Send active low output by inhibiting the Trans- 
mi t Data Register Empty (TDRE) status bit. 

Request-to-Send (RTS) - The Request-to-Send output 
enables the MPU to control a peripheral or modem via 
the data bus. The RTS output corresponds to the state 
of the Control Register bits CR5 and CR6. When CR6 = 
0 or both CR5 and CR6 * 1. the RTS output is low (the 
active state). T his output can also be used for Data 
Te rminal Ready (DTR). 

Data Carrier Detect (DCD) - This high impedance 
TTL compatible input provides automatic control, such 
as in the receiving end of a communications link by means 
of a modem Data Carrier Detect output. The DCD input 
inhibits and initializes the receiver section of the ACIA 
when high. A low to high transition of the Data Carrier 
Detect initiates an interrupt to the MPU to indicate the 
occurrence of a loss of carrier when the Receive Interrupt 
Enable bit is set. 

ACIA REGISTERS 

The expanded block diagram for the ACIA indicates 
the internal registers on the chip that are used for the 
status, control, receiving, and transmitting of data. The 
content of each of the registers is summarized in Table 1. 



TRANSMIT DATA REGISTER <TDR) 

Data is written in the Transmit Data Register during 
the negative transition of the enable (E) when the ACIA 
has been addressed and RS • R/W is selected. Writing 
data into the register causes the Transmit Data Register 
Empty bit in the Status Register to go low. Data can then 
be transmitted. If the transmitter is idling and no char- 
acter is being transmitted, then the transfer will take 
place within one bit time of the trailing edge of the 
Write command. If a character is being transmitted, the 
new data character will commence as soon as the previous 
character is complete. The transfer of data causes the 
Transmit Data Register Empty (TDRE) bit to indicate 
empty. 

RECEIVE DATA REGISTER (RDR) 

Data is automatically transferred to the empty Receive 
Data Register (RDR) from the receiver deserializer (a 
shift register) upon receiving a complete character. This 
event causes the Receive Data Register Full bit (RDRF) 
in the status buffer to go high (full). Data may then be 
read through the bus by addressing the ACIA and selecting 
the Receive Data Register with RS and R/W high when 
the ACIA is enabled. The non-destructive read cycle 
causes the RDRF bit to be cleared to empty although 
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TABLE 1 - DEFINITION OF ACIA REGISTER CONTENTS 



Bus 
Line 
Number 


Buffer Address 


RS • R/W 
Transmit 
Data 
Register 


RS • R/W 

Oata 
Register 


RS« R7W* 

Control 
Register 


RS • R/W 

Status 
Register 


(Write Only) 


(Read Only} 


(Write Only) 


(Read Only) 


0 


Daia 8«t 0* 


Oata Bit 0 


Counter Divide 
Select 1 (CRO) 


Receive Oata Register 

Full (RORF) 


i 


Oata Bir 1 


Oata 8-t 1 


Counter O'vide 
Select 2 iCR 1 1 


Transmit Oata Register 

Empty i TOR E ) 


2 


Data Bit 2 


Oata B.t 2 


Word Seiect 1 

C R 2 t 


Oata Carrier Detect 

iOCOl 


3 


Data Bit 3 


1 11 1 
Oata Bit 3 


Word Seiect 2 
' C R 3 ) 


Clear to Send 
>CTS) 


4 


Oata Sit A 


Oata B<t d 


Word Select 3 
CR4) 


F rarrKng Error 
F£) 


5 


Oata BH 5 


Oata Bit 5 


Transmit Control 1 
(CR5t 


Receiver Overrun 

! OVRNI 


6 


Oata Bit 6 


Oata Bit 6 


Transmit Control 2 
!CR6> 


Parity Error (PE) 


7 


Oata Bit 7 * • • 


Oata 8n 7 * • 


^eceiwe interrupt 
Enable (CR7) 


i nterrupt Reauest 

nRQ) 



* Leading on -- lSB * Sit 0 
* * Data dh -viii be rero in 7 on plus parity modes 
* ' ' Data bn is don't care m 7 bn plus parity modes 



the data is retained in the RDR. The status is maintained 
by RDRF as to whether or not the data is current. When 
the Receive Data Register is full, the automatic transfer 
of data from the Receiver Shift Register to the Data 
Register is inhibited and the RDR contents remain valid 
with its current status stored in the Status Register. 

CONTROL REGISTER 

The ACIA Control Register consists of eight bus of 
write-only buffer that are selected when RS and R/W are 
low. This register controls the function of the receiver, 
transmitter, interrupt enables, and the Request-to-Send 
peripheral /modem control output. 

Counter Divide Select Bits <CR0 and CRD - The 
Counter Divide Select Bits (CRO and CRD determine the 
divide ratios utilized in both the transmitter and receiver 
sections of the ACIA. Additionally, these bits are used to 
provide a master reset for the ACIA which clears the 
Status Register (except for external conditions on CTS 
and DCD) and initializes both the receiver and transmitter. 
Master reset does not affect other Control Register bits. 
Note that after power-on or a power fail /restart, these 
bits must be set high to reset the ACIA. After resetmg, the 
clock divide ratio may be selected. These counter select 
bits provide for the following clock divide ratios: 



CR1 


CRO 


Function 


0 


0 


f i 


0 


1 


-r 16 


1 


0 


+ 64 


1 


1 


Master Reset 



Word Select Bits (CR2, CR3, and CR4) - The Word 



Select bits are used to select word length, parity, and the 
number of stop bits. The encoding format is as follows: 



CR4 


CR3 


CR2 


Function 


0 


0 


0 


7 Sits 




Even Parity ♦ 2 Stop Bits 


0 


0 


1 


7 Bits 




Odd Parity * 2 Stop Bits 


0 


1 


0 


7 Sits 




Even Parity + 1 Stop Bit 


0 


1 


1 


7 Bits 




Odd Panty * 1 Stop Bit 


1 


0 


0 


8 Bits 




2 Stop Bits 


1 


0 


1 


8 Bits 




1 Stop Bit 


1 


1 


0 


8 Bus 




Even Parity * 1 Stop Bit 


1 


1 


1 


8 Bits 




Odd Parity ♦ 1 Stop Bit 



Word length, Parity Select, and Stop Bit changes are 
not buffered and therefore become effective immediately. 



Transmitter Control Bits (CR5 and CR6) - Two 

Transmitter Control bits provide for the control of the 
interrupt from the Transmit Data Register Empty con- 
dition, the Request-to-Send (RTS) output, and the 
transmission of a Break level (space). The following 
encoding format is used: 



CR6 


CRS 


Function 


0 


0 


RTS = low. Transmitting Interrupt Disabled. 


0 


1 


RTS = low. Transmitting Interrupt Enabled. 


1 


0 


RTS = high. Transmitting Interrupt Oisabled. 


1 


1 


RTS = low. Transmits a Break level on the 






Transmit Oata Output. Transmitting 






interrupt Oisabled. 



Receive Interrupt Enable Bit (CR7) - The following 
interrupts will be enabled by a high level in bit position 7 
of the Control Register (CR7): Receive Data Register Full, 
Overru n , or a low to high transistion on the Data Carrier 
Detect (DCD) signal line. 
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STATUS REGISTER 

Information on the status of the ACIA is available to 
the MPU by reading the ACIA Status Register. This 
read-only register is selected when RS is low and R/W 
is high. Information stored in this register indicates the 
status of the Transmit Data Register, the Receive Data 
Register and error logic, and the peripheral/modem status 
inputs of the ACIA. 

Receive Data Register Full {RDRF), Bit 0 - Receive 
Data Register Full indicates that received data has been 
transferred to the Receive Data Register. RDRF is cleared 
after an MPU read of the Receive Data Register or by a 
master reset. The cleared or empty state indicates that 
the contents of the Receive Data Register are not cur- 
rent. Data Carrier Detect being high also causes RDRF 
to indicate empty. 

Transmit Data Register Empty (TDRE), Bit 1 - The 
Transmit Data Register Empty bit being set high indicates 
that the Transmit Data Register contents have been trans- 
ferred and that new data may be entered. The low state 
indicates that the register is full and that transmission of 
a new character has not begun since the last write data 
command. 



Data Carrier Detect (DCD), Bit 2 



_ The Data Carrier 

Detect bit will be high when the DCD input from a modem 
has gone high to indicate that a carrier is not present. 
This bit going high causes an Interrupt Request to be 
generated when the Re ceive Interrupt Enable is set. It 
remains high after the DCD input is returned low until 
cleared by first reading the Status Register and then the 
Data Register or until a master reset occurs. If the DCD 
input remains high after read status and read data or 
maste r reset has occurred, the interrupt is cleared, the 
DCD status bit remains high and will follow the DUD input. 

Clear -to -Send (CTS), Bit 3 - The Cl ear-to-Send bit 
indicates the state of the Clear-to-Send input from a 
modem. A low CTS indicates that there is a Clear-to-Send 
from the modem. In the high state, the Transmit Data 
Register Empty bit is inhibited and the Clear-to-Send 
status bit will be high. Master reset does not affect the 



Clear-to-Send Status bit. 

Framing Error (FE), Bit 4 - Framing error indicates 
that the received character is improperly framed by a 
start and a stop bit and is detected by the absence of the 
1st stop bit. This error indicates a synchronization error, 
faulty transmission, or a break condition. The framing 
error flag is set or reset during the receive data transfer 
time. Therefore, this error indicator is present through- 
out the time that the associated character is available. 

Receiver Overrun (OVRN), Bit 5 - Overrun is an 
error flag that indicates that one or more characters in 
the data stream were lost. That is, a character or a 
number of characters were received but not read from the 
Receive Data Register (RDR) prior to subsequent char 
acters being received. The overrun condition begins at 
the midpoint of the last bit of the second character re- 
ceived in succession without a read of the RDR having 
occurred. The Overrun does not occur in the Status 
Register until the valid character prior to Overrun has 
been read. The RDRF bit remains set until the Overrun 
is reset. Character synchronization is maintained during 
the Overrun condition. The Overrun indication is reset 
after the reading of data from the Receive Data Register 
or by a Master Reset. 

Parity Error (PE), Bit 6 - The parity error flag indi- 
cates that the number of highs (ones) in the character 
does not agree with the preselected odd or even parity. 
Odd parity is defined to be when the total number of ones 
is odd. The parity error indication will be present as long 
as the data character is in the RDR. If no parity is 
selected, then both the transmitter parity generator out- 
put and the receiver parity check results are inhibited. 

Interrupt Request (IRQ), Bit 7 - The IRQ bit indi 
cates the state of the I RQ output. Any interrupt condi- 
tion with its applicable enable will be indicated in this 
status bit. Anytime the I RQ output is low the IRQ bit 
will be high to indicate the interrupt or service request 
status. IRQ is cleared by a read operation to the Receive 
Data Register or a write operation to the Transmit 
Data Register. 



PIN ASSIGNMENT 



2 
3 
4 

sC 

7 

*[ 

10 
1 1 
12 



V S S 
Rx Data 
Rx Clk 
Tm Clk 

rTS 

Tx Data 

TrTT 
CSO 

CSS- 
cs i 

RS 
v DO 



]24 
]23 
122 
1 21 
]20 
]19 
Jl8 
D5 ] 17 

06 ] 16 

07 ] 15 
E ]14 

R/W ] 13 



CTS 
DCD 
DO 
D1 
D2 
D3 
D4 



<8> 



2* 






I 






I] 


B 



PACKAGE DIMENSIONS 

CASE 716-02 
(CERAMIC) 



SEE PAGE 165 FOR 
PLASTIC PACKAGE 
DIMENSIONS 



— • . — F 



SEATING - 
PLANE G— - 



OIM 


MILLIMETERS 


INCHES 


MIN 


MAX 


MIN 


MAX 


A 


29.97 


30.99 


1.180 


1720 


B 


14.88 


15.62 


0.585 


;.$i5 


C 


3.05 


4.19 


0.120 


0.165 


0 


0.38 


0.53 


0.015 


0.021 


F 


0.76 


1.40 


0.030 


0.055 


G 


2.54 BSC 


0.10( 


)BSC 


H 


0.76 


1.78 


0.030 


0.070 


J 


0.20 


0.30 


0.008 


0.012 


K 


2.54 


4.19 


0.100 


0.165 


L 


14.88 


15.37 


0.585 


0.605 


M 




10° 




10° 


N 


0.51 


1.52 


0.020 


0.060 



NOTE: 

1. LEA0S TRUE POSITIONED WITHIN 
0.25mm (0.010) 0IA (AT SEATING 
PLANE) AT MAXIMUM MATERIAL 
CQNQmON. 



MOTOROLA Semiconductor Products Inc. 



HEATHKIT 

CONTINUING 
EDUCATION 



B-39 



MOTOROLA 

BOX 20912 . PHOENIX, ARIZONA 85036 



128 X 8-BIT STATIC RANDOM ACCESS MEMORY 

The MCM6810 is a byte-organized memory designed for use in 
bus-organized systems. It is fabricated with N-channel silicon gate 
technology. For ease of use, the device operates from a single power 
supply, has compatibility with TTL and DTL, and needs no 
clocks or refreshing because of static operation. 

The memory is compatible with the M6800 Microcomputer 
Family, providing random storage in byte increments. Memory 
expansion is provided through multiple Chip Select inputs. 

• Organized as 1 28 Bytes of 8 Bits 

• Static Operation 

• Bi Directional Three-State Data Input/Output 

• Six Chip Select Inputs (Four Active Low. Two Active High! 

• Single 5- Volt Power Supply 

• TTL Compatible 

• Maximum Access Time = 350 ns - MCM6810AL 1 

450 ns - MCM6810AL 



ABSOLUTE MAXIMUM RATINGS (See Note l ) 



Rating 


Symbol 


Value 


Unit 


Supply Voltage 


v cc 


-0.3 to +7 0 


Vdc 


Input Voltage 


V, n 


-0.3 to *7.0 


Vdc 


Operating Temperature Range 


T A 


0 to + 70 


°C 


Storage Temperature Range 


T stg 


-65 to +150 


°C 



NOTE 1. Permanent device damage may occur if ABSOLUTE MAXIMUM RATINGS are ex- 
ceeded Functional operation should be restricted to RECOMMENDED OPERAT 
ING CONDITIONS. Exposure to higher than recommended voltages for extended 
periods of time could affect device reliability. 



MCM6810A 

(0 to 70°C; Lor P Suffix) 

MCM6810AC 

(-40 to85°C; L Suffix only) 



MOS 

(NCHANNEL. SILICON -GATE) 

128 X 8-BIT STATIC 
RANDOM ACCESS MEMORY 











24 






[ L l 1 L SUFFIX 




, CERAMIC PACKAGE 




CASE 716 




P SUFFIX 


NOT SHOWN PLASTIC PACKAGE 




CASE 709 



PIN ASSIGNMENT 



1 C Gnd O 

2 C DO 
3CD1 
4 C D2 
5CD3 

6 C D4 

7 C D5 

3 C D6 
9 C D7 

10 E CSO 

11 C CS1 

12 CCS2 



V CC 
AO 
A1 
A2 
A3 
A4 
AS 
A6 
R/W 
CS5 
CS4 



3 24 
3 23 

□ 22 
3 21 
3 20 

□ 19 
3 18 
3 17 
3 16 
3 15 
3 14 



CS3 3 13 



M6600 MICROCOMPUTER FAMILY 
BLOCK DIAGRAM 



MC6800 
Microprocessor 



Read Only 
Memory 



interface 
Adapter 



interface 
Adapter 



Address Data 
Bus Bus 



/ 



MCM6810A RANDOM ACCESS MEMORY 
BLOCK OIAGRAM 











Memory 
MatfTx 
I1»r» 




Date 
Buff en 


t 't 



















, Data 
Bus 



Memory Address 
and Control 
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DC OPERATING CONDITIONS AND CHARACTERISTICS 

(Full operating voltage and temperature range unless otherwise noted.) 



RECOMMENDED DC OPERATING CONDITIONS 



Parameter 


Symbol 


Min 


Norn 


Max 


Unit 


Supply Voltage 


vcc 


4.75 


5.0 


5.25 


Vdc 


Input High Voltage 


V| H 


2.0 




5.25 


Vdc 


Input Low Voltage 


VlL 


-0.3 




0.8 


Vdc 



DC CHARACTERISTICS 



Characteristic 


Symbol 


Mm 


Typ 


Max 


Unit 


Input Current IA n , fl/W, CS n . CS n ) 
(V in - Oto 5.25 V) 


'in 






2.5 


fiAdc 


Output High Voltage 
(lOH - "205 uA) 


V 0 H 


2.4 






Vdc 


Output Low Voltage 
(Iql ■ 1 6 m *> 


vol 






0.4 


Vdc 


Output Leakage Current (Three-State) 

(CS = 0.8 V or CS = 2.0 V, V out = 0.4 V to 2.4 V) 


'LO 






10 


yAdc 


Supply Current 

(V C c - 5.25 V, all other pins grounded. T A = 0°C) MCM6810AL 

MCM6810AL1 


"cc 






70 
80 


mAdc 



CAPACITANCE (f = 1.0 MHz, T a = 25°C. periodically sampled 
rather than 100% tested.) 



Characteristic 


Symbol 


Max 


Unit 


input Capacitance 


Cin 


7.5 


pF 


Output Capacitance 


c out 


125 


PF 



This device contains circuitry to protect the 
inputs against damage due to high static voltages 
or electric fields; however, it is advised that 
normal precautions be taken to avoid application 
of any voltage higher than maximum rated volt- 
ages to this high-impedance circuit. 



BLOCK DIAGRAM 




10 £>J 



16 Read/Write 



® 
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AC OPERATING CONDITIONS AND CHARACTERISTICS 

(Full operating voltage and temperature unless otherwise noted.! 



FIGURE 1 - AC TEST LOAD 



AC TEST CONDITIONS 



Condition 


Value 


Input Pulse Levels 


0.8 V to 2.0 V 


Input Rise and Fall Times 


20 ns 


Output Load 


See Figure 1 



•Include* Jig 
Capacitance 




MMD7000 
or Eguiw 



READ CYCLE 



Characteristic 


Symbol 


MCM6810AL 


MCM6810AL1 


Unit 


Min 


Max 


Min 


Max 


Read Cycle Time 




450 




350 




ns 


Access Time 


Eacc 




450 




350 


ns 


Address Setup Time 


'AS 


20 




20 




ns 


Address Hold Time 


l AH 


0 




0 




ns 


Data Delay Time (Read) 


r DDR 




230 




180 


ns 


Read to Select Delay Time 


l RCS 


0 




0 




ns 


Data Hold from Address 


MDHA 


10 




10 




ns 


Output Hold Time 


*H 


10 




10 




ns 


Data Hold from Write 


l DHW 


10 


30 


10 


60 


ns 



READ CYCLE TIMING 

t C yc(R) 



2.0 V 
3.8 V 



r AS 



HtRCS 



X 



\ 



z 



*'DHA ~ 



Data Out < 



2.4 V 
.0.4 V 



Note: CS and CS can be enabled for consecutive 
reed cycles provided R/W remains at V !H . 
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Characteristic 


Symbol 


MCM6810AL 


MCM6810AU 


Unit 


Min 


Max 


Min 


Max 


Write Cycle Tima 




450 




350 




ns 


Address Setup Time 


l AS 


20 




20 




ns 


Address Hold Time 


tAH 


0 




0 




ns 


Chip Select Pulse Width 


tcs 


300 




250 




ns 


Write to Chip Select Delay Time 


Wvcs 


0 




0 




ns 


Data Setup Time ( Write) 


tosw 


190 




150 




ns 


Input Hold Time 




10 




10 




ns 



WRITE CYCLE TIMING 



X2.0 V 
a8V 



c5 



H twcs 



. <cs - 



'////// 



2.0 V 
0.8 V 



Oata in Stable 



*//////////////,. 



Note: CS and CS can be enabled for consecutive write cycles 
provided R/W it strobed to V, H before or coincident 
with trie Address change, and remains high for time t A 5, 



PACKAGE DIMENSIONS 

CASE 716-02 
(CERAMIC) 



NOTE: 

I. LEAOS TRUE POSITIONED WITHIN 
0.25mm (0.010) OIA (AT SEATING 
PLANE) AT MAXIMUM MATERIAL 
CONDITION. 



— il—C 



SEATING 
PLANE G — '• — 



•H 



® 



See Page 165 for 

Pleetic Package dimensions. 



0IM 


MILLIMETERS 


INCHES 


MIN 


MAX 


MIN 


MAX 


A 


29.97 


30.99 


1 180 


1 220 


B 


1488 


15.62 


0.585 


0.615 


C 


305 


4.19 


0.120 


0.165 


0 


0.38 


0.53 


0.015 


0 021 


F 


0.76 


1 40 


0.030 


0.055 


G 


2.54 BSC 


0.10< 


)BSC 


H 


0.76 


1.78 


0.030 


0.070 


J 


0.20 


0.30 


0.008 


0.012 


K 


2.54 


4.19 


0.100 


0 165 


I 


14.88 


15.37 


0.585 


0.605 


M 




10° 




10° 


N 


0.51 


1.52 


0.020 


0.060 
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Advance Information 



1024 X 8-BIT READ ONLY MEMORY 

The MCM6830A is a mask-programmable byte-organized memory 
designed for use in bus-organized systems. It is fabricated with 
N-channel silicon-gate technology. For ease of use, the device 
operates from a single power supply, has compatibility with 
TTL and DTL, and needs no clocks or refreshing because of static 
operation. 

The memory is compatible with the M680O Microcomputer 
Family, providing read only storage in byte increments. Memory 
expansion is provided through multiple Chip Select inputs. The 
active level of the Chip Select inputs and the memor\#kontent are 
defined by the customer. 

• Organized as 1024 Bytes of 8 Bits 

• Static Operation 

• Three-State Data Output 

• Four Chip Select Inputs (Programmable) 

• Single 5- Volt Power Supply 

• TTL Compatible 

• Maximum Access Time - 500 ns 



ABSOLUTE MAXIMUM RATINGS (See Note 1) 



Rating 


Symbol 


Value 


Unit 


Supply Voltage 


v C c 


-0.3 to + 7.0 


Vdc 


Input Voltage 


V tn 


-0.3 to +7 0 


Vdc 


Operating Temperature Range 


r A 


0 to +70 


°C 


Storage Temperature Range 


T stg 


-65 to +150 


°C 



MOTE 1 Permanent device damage may occur if ABSOLUTE MAXIMUM RATINGS are ex- 
ceeded. Functional operation should be restricted to RECOMMENDED OPERAT- 
ING CONDITIONS. Exposure to higher than recommended voltages for extended 
periods of time could affect device reliability. 



MCM6830A 



MOS 

(N-CHANNEL, SILICON-GATE) 

1024 X 8-BIT 
READONLY MEMORY 




NOT SHOWN: 



L SUFFIX 

CERAMIC PACKAGE 
CASE 716 

P SUFFIX 

PLASTIC PACKAGE 
CASE 709 



PIN ASSIGNMENT 



2 C OO 



O 

Gnd 



5 C 03 

6 C 04 

7 C 05 

8 C 06 

9 C 07 

I 0 C cso 

II CCS1 
12 C V CC 



AO 
A1 
A2 
A3 
A4 
A5 
A6 
A7 



J 24 

J 23 
3 22 
121 
120 
3 19 
3 18 
1 17 



A8 3 16 
315 
CS3 114 
CS2 1 1 3 



MC6800 
Microprocessor 



M6800 MICROCOMPUTER FAMILY 
BLOCK DIAGRAM 



MCM6830A READ ONLY MEMORY 
BLOCK DIAGRAM 



Address Date 
Bus Bus 



Random 
Access 
M«mory 



interface 
Adapter 



Interface 
Adapter 



Memory' 






Matrix 

(1024x8). 




Buffer*- 






•■>. c-t 













Memory Address 
and Control 



This is advanct 



specifications are subject to change without notice. 
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DC OPERATING CONDITIONS AND CHARACTERISTICS 

(Full operating voltage and temperature range unless otherwise noted.) 



RECOMMENDED DC OPERATING CONDITIONS 



Parameter 


Symbol 


Mm 


Nom 


Max 


Unrt 


Supply Voltage 


v C c 


4.75 


5.0 


5.25 


Vdc 


Input High Voltage 


V| H 


2.0 




5.25 


Vdc 


Input Low Voltage 




-0 3 




0.8 


Vdc 



DC CHARACTERISTICS 



Characteristic 


Symbol 


Min 


Typ 


Max 


Unit 


input Current 

(V in - Oto 5.25 V) 


l.n 






2.5 


nAdc 


Output High Voltage 
"OH ~ -205mA) 


V 0 H 


2.4 






Vdc 


Output Low Voltage 
(Iql 3 1.6 mA» 


vol 






0.4 


Vdc 


Output Leakage Current (Three-State) 

ICS = 0.8 V or CS = 2.0 V. V out - 0.4 V to 2.4 V) 


■lo 






10 


MAdc 


Supply Current 

(V CC = 5.25 V,T A = 0°C) 


'CC 






130 


mAdc 



CAPACITANCE (f = 1 .0 MHz, T A - 25°C. penodically sampled 
rather than 100% tested.) 



Characteristic 


Symbol 


Max 


Unit 


Input Capacitance 


Cm 


7.5 


pF 


Output Capacitance 


c out 


12.5 


pF 



This device contains circuitry to protect the 
inputs against damage due to high static voltages 
or electric fields; however, it is advised that 
normal precautions be taken to avoid application 
of any voltage higher than maximum rated volt- 
ages to this high-imoedance circuit. 



BLOCK DIAGRAM 



AO 


24 


A1 


23 


A2 


22 


A3 


21 


A4 


20 


AS 


19 


A6 


18 


A7 


17 


A8 


16 


A9 


15 



Address 
Decode 



Memory 
Memx 

(1024 x 8) 



3 State 
Buffer 




cso- 10 
cs 

CS2 
CS3 



'Active level defined by the customer. 



V cc - Pin 12 
Gnd = Pin 1 
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MCM6830A 



AC OPERATING CONDITIONS AND CHARACTERISTICS 

(Full operating voltage and temperature unless otherwise noted.) 
(All timing w»th t r = tf = 20 ns, Load of Figure 1 ) 



Characteristic 


Symbol 


Min 


Max 


Unit 


Cycle Time 


tcyc 


500 




ns 


Access Time 


t acc 




500 


ns 


Data Delay Time (Read) 


*DDR 




300 


ns 


Data Hold from Address 


<DHA 


10 




ns 


Data Hold from Deselection 


tH 


10 


150 


ns 



TIMING DIAGRAM 



FIGURE 1-AC TEST LOAD 



Test Point o— 



130 pF' 



•includes -I >g Capacitance 



» 5.0 V 

R i = 2.5 k 



MMD6150 
or Eauiv 



MMD70OO 

or Equiv 





— <acc — 














L 2.0 V 
r 0.8 V 




K 












'/////////// 


^2.0 V 

-m t DDR mm. 


0.8 V^- 

20 V) 


V/////////////, 






r o.a v 


Y////////h 


'////////////A 








* r DHAe* 




'///////////////////////////////A 


fc 2.4 V 
„ 0.4 V 


'////////, 




PACKAGE DIMENSIONS 

CASE 716-02 
(CERAMIC) 

NOTE: 

!. LEADS TRUE POStTIONEO WITHIN 
- 0.25mm (0.0 10) Of A (AT 5EATIN6 
PLANE) AT MAXIMUM MATERIAL 
C0N0ITI0N. 



Se*P*oe 165 for 

Plartic Pvckag* dimension*. 



DIM 


MILLIMETERS 


INCHES 


MIN 


MAX 


MIN 


MAX 


A 


29.97 


30.99 


1.180 


1.220 


B 


14.88 


15.62 


0.585 


0.615 


C 


3.05 


4.19 


0.120 


0.165 


0 


0.38 


0.53 


0.015 


0.021 


F I 0.76 


1.40 


0.030 


0.055 


G 


2.54 BSC 


0.1 0( 


1 BSC 


H 


0.76 


1.78 


0.030 


0.070 


J 


0.20 


0.30 


0.008 


0.012 


K 


2.54 


4.19 


0.100 


0.165 


I 


14.88 


15.37 


0.585 


0.605 


M 




10° 




10° 


N 


0.51 


1.52 


0.020 


0.060 




MOTOROLA Semiconductor Products inc. 



B-46 



HEATHKIT 

CONTINUING 
EDUCATION 



MCM6830A 



CUSTOM PROGRAMMING 



By the programming of a single photomask for the 
MCM6830A, the customer may specify the content of the 
memory and the method of enabling the outputs. 



Information on the general options of the MCM6830A 
should be submitted on an Organizational Data form such 
as that shown in Figure 3. 



Information for custom memory content may be sent 
to Motorola in one of two forms (shown in order of 
preference): 

1 . Paper tape output of the Motorola M6800 Software. 

2. Hexadecimal coding using IBM Punch Cards. 



PAPER TAPE 

Included in the software packages developed for the 
M6800 Micromputer Family is the ability to produce a 
paper tape output for computerized mask generation. The 
assembler directives are used to control allocation of 
memory, to assign values for stored data, and for control- 
ling the assembly process. The paper tape must specify the 
full 1024 bytes. 

Note: Motorola can accept magnetic tape and truth table 
table formats. For further information, contact your 
local Motorola sales representative. 



FIGURE 2 - BINARY TO HEXADECIMAL CONVERSION 



Binary 
Data 



Hexadecimal 
Character 



IBM PUNCH CARDS 

The hexadecimal equivalent (from Figure 2) may be 
placed on 80 column IBM punch cards as follows: 

Step Column 
1 12 Byte "0" Hexadecimal equivalent for 

outputs D7 thru D4 (D7 = M.S.B.) 
Byte "0" Hexadecimal equivalent for 
outputs D3 thru DO (D3 = M.S.B.) 
Alternate steps 1 and 2 for consecutive 
bytes. 

4 77-78 Card number (starting 01) 

5 79-80 Total number of cards (32) 



12 

13 

14-75 

77-78 
79-80 



FIGURE 3- FORMAT FOR PROGRAMMING GENERAL OPTIONS 



ORGANIZATIONAL DATA 
MCM6830A MOS READ ONLY MEMORY 



Customer: 

Company . 
Part No. - 
Originator . 

Enable Options: 



Phone No. 



Motorola Use Only: 



Quote: . 
Part No.: 



Specif. No. 



CS0 
CS1 
CS2 
CS3 



1 

□ 
□ 
□ 
□ 



0 

□ 
□ 
□ 
□ 



1 is most positive 
0 is most negative 




MOTOROLA Semiconductor Products Inc. 



HEATHK1T 

CONTINUING 
EDUCATION 



CONTINUING B-47 




MOTOROLA 



BOX 20912 • PHOENIX, ARIZONA 85036 



Advance Information 



2048 x 8-BIT READ ONLY MEMORY 

The MCM6832 is a mask-programmable byte-organized memory 
designed for use in bus-organized systems. It is fabricated with 
N-channel metal-gate technology. For ease of use, the device is 
compatible with TTL and DTL. ?nd needs no clocks or refreshing 
because of static operation. 

The memory is compatible with the M6800 Microcomputer 
Family, providing read only storage in byte increments. Memory 
expansion is provided through a Chip Select input. The active level of 
the Chip Select input and the memory content are defined by 
the customer. 

• Organized as 2048 Bytes of 8 Bits 

• Static Operation 

• Three-State Data Output 

• Programmable Chip Select 

• TTL Compatible 

• Maximum Access Time = 500 ns 



ABSOLUTE MAXIMUM RATINGS 1 (Referenced to V ss l 



Rating 


Symbol 


Value 


Unit 


Supply Voltages 


V D D 


-0.3 to ^15 


Vdc 




vcc 


-0.3 to +6.0 






vee 


-10 to +0.3 




Address/Control input Voltage 


v in 


-0.3 to +15 


Vdc 


Operating Temperature Range 


T A 


0 to +70 


°C 


Storage Temperature Range 


T stg 


-55 to +125 


°c 



Permanent device damage may occur if ABSOLUTE MAXIMUM RATINGS are ex- 
ceeded. Functional operation should be restricted to RECOMMENDED OPERAT- 
ING CONDITIONS. Exposure to higher than recommended voltages for extended 
periods of time could affect device reliability. 



MCM6832 



MOS 

{N-CHANNEL, LOW THRESHOLD) 

2048 x 8-BIT 
READ ONLY MEMORY 







L L c ^ffi 

1 


[ L L L L SUFFIX 




CERAMIC PACKAGE 




CASE 716 


NOT SHOWN P SUFFIX 


PLASTIC PACKAGE 




CASE 709 



PIN ASSIGNMENT 



1 


r. 


°V 3 B 


v cc 


3 24 


2 


c 


A10 




3 23 


3 


c 


CS 


A9 


3 22 


4 


c 


DO 


AS 


321 


5 


C 


D1 


A7 


320 


6 


C 


D2 


D4 


3 19 


7 


c 


03 


D5 


3 18 


a 


c 


AO 


06 


3 17 


9 


c 


A1 


D7 


3 16 


10 


c 


A2 


A6 


3 15 


1 1 


c 


A3 


A5 


»1A 


12 


c 


vss 


A4 


3 13 



i MC6800 
Microprocessor 



M6800 MICROCOMPUTER FAMILY 
BLOCK DIAGRAM 



MCM6832 READ ONLY MEMORY 
BLOCK DIAGRAM 



MCMM3Z 



Random 
Access 
Memory 



Matrix 




Date 




Buffers 


(2048 x B> 







interface 
Adapter 



Interface 
Adapter 



Address Data 



Memory Addresi 
and Control 



This is advance information and specifications are subiect to change without notice. 
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DC OPERATING CONDITIONS AND CHARACTERISTICS 
(Full operating voltage and temperature range unless otherwise noted.) 



RECOMMENDED DC OPERATING CONDITIONS (Referenced to V ss = Ground) 



Perimeter 


Symbol 


Min 


Typ 


Max 


Unit 


Supply Voltage 


VOD 


11.4 


12 


12.6 


Vdc 


vec 


4.75 


5.0 


5.25 


Vdc 


VB8 


-5.25 


-5.0 


-4.75 


Vdc 


Input High Voltage (A n , CS) 


V )H 


3.0 




vec 


Vdc 


Input Low Voltage (A n . CS) 


VlL 


-0.3 




0.8 


Vdc 



DC CHARACTERISTICS 



Characteristic 


Symbol 


Min 


Typ 


Man 


Unit 


Input Leakage Current (A n , CS) 
(V jn = 0to 5 25 V) 








10 


iiAdc 


Output Leakage Current (Three-State) 

<V 0 = 0.4 V to -2.4 V, CS = 0.4 V or CS = 2.4 V.) 


•lo 






10 


liAdc 


Output High Voltage 
u 0H = -100 mA) 


V 0 H 


3.7 




v C c 


Vdc 


Output Low Voltage 
dOL = 16 mA) 


vol 


0 




0.4 


Vdc 


Supply Current 


'dd 






25 


mAdc 


(Chip Deselected or Selected) 


'cc 

! B8 






45 
500 


mAdc 
uAdc 



CAPACITANCE (Periodically Sampled Rather Than 100% Tested.) 



Characteristic 


Symbol 


Min 


Typ 


Max 


Unit 


Input Capacitance ( f ■ 1 MHz) 


Cin 




5.0 


7.5 




Output Capacitance (f = 1 MHz) 


C 0u t 




5.0 


10 





BLOCK DIAGRAM 



A 7 A8 
20 21 

L_L 



AO 


a O— 












A 1 


90— 












A2 


TOO— 












A3 


1 1 o— 


X 




Memory 




Y 


A4 


no— 


Decode 




Matrix 




Decode 


A5 


14 O — 












A6 


ISO— 













V CC - P,n 24 

VOD " p * n 23 
V SS - Pin 12 
Vgg = Pin 1 



FT 

22 2 
A9 A 10 



Output 
Buffers 



0 4 DO 

0 5 D1 

0 6 D2 

O 7 03 

3 19 04 

018 05 

317 06 

3 16 D7 



Chip 
Select 



3 CS 
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AC CHARACTERISTICS 
(Full operating voltage and temperature unless otherwise noted. All timing with tf = tf < 20 ns; 
Load = 1 TTL Gate {MC7400 Series) biased to draw 1.6 mA; Ci_ * 130 pF.) 



Characteristic 


Symbol 


Min 


Typ* 


Max 


Unit 


Address Access Time 


Ucc 




320* 


500 


ns 


Output Select Time 


'OS 




175* 


300 


ns 


Output Deselect Time 


*OD 


30 


100' 


150 


ns 



'Typical values measured at 25°C and nominal supply voltages. 

FIGURE 1 - AC TEST LOAO 



Test Point o— 




MMD7000 
or Equiv 



includes Jig Capacitance 



FIGURE 2 - TIMING DIAGRAM 



A ADORESS ACCESS TIMING OIAGBAM 
(Chjp Selected) 



Address 

Input 



2.0 V 

^ Lo.a V 



Data 
Outputs 



Vqm 



vol 



7777T771 

Output inv-- 

Lllli 



nva.id'Y ° UlDUI 

/ / / / 3 p0 ,av V3hd 



8 CHIPSELECT TIMING DIAGRAM 
(Addresses Established) 



Chip 
Select 



7, 



-t os - 



VQH « 



Oata / / 

Outputs 

vol 



//High'/ TrsJ 2 0 V Outc 
impedance/ /K. Val 



'OD 



)) f ) ) 

f High 
' Impedance 
(tilt 




fefPj 



PACKAGE DIMENSIONS 

CASE 716-02 
(CERAMICS 

MOTE: 

1. LEAOS TRUE POSITIONED WITHIN 
0 JSmm (0.010) 0IA (AT SEATING 
PLANE) AT MAXIMUM MATERIAL 
CONDITION. 



H-lUJ SEATING-/ ! I 

•X-fe PLANE G-J U ' 



1 



SEEPAGE 1*5 FOR 
PLASTIC PACKAGE 
DIMENSIONS* 



DIM 


MILLIMETERS 


INCHES 


MIN 


MAX 


MIN 


MAX 


A 


29.97 


30.99 


1.180 


1.220 


B 


14.88 


15.62 


0.585 


0.615 


C 


3.05 


4.19 


0.120 


0.165 


0 


0.38 


0.53 


0.015 


0.021 


F 


Q.76 


1.40 


0.030 


0.055 


6 


2 .54 BSC 


0.100 BSC 


H 


0.76 


1.78 


0.030 


0.070 


J 


0.20 


0.30 


0.008 


0.012 


K 


2.54 


4.19 


0.100 


0.165 


L 


14.88 


15.37 


0.585 


0.605 


M 




10° 




10° 


H 


0.51 


1.52 


0.020 


0.060 




(ft 
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MCM6832 



CUSTOM PROGRAMMING 



By the programming of a single photomask for the 
MCM6832, the customer may specify the content of the 
memory and the method of enabling the outputs. 



Information on the general options of the MCM6832 
should be submitted on an Organizational Data form such 
as that shown in Figure 4. 



Information for custom memory content may be sent 
to Motorola m one of two forms (shown in order of 
preference) : 

1. Paper tape output of the Motorola M6800 Software. 

2. Hexadecimal coding using IBM Punch Cards. 



PAPER TAPE 

Included in the software packages developed for the 
M6800 Microcomputer Family is the ability to produce a 
paper tape output for computerized mask generation. The 
assembler directives are used to control allocation of 
memory, to assign values for stored data, and for control- 
ling the assembly process. The paper tape must specify the 
full 2048 bytes. 



Note: Motorola can accept magnetic tape and truth table 
table formats. For further information, contact your 
local Motorola sales representative. 



FIGURE 3 - BINARY TO HEXADECIMAL 
CONVERSION 



MSB 






LSB 




07 


06 


05 


04 


Hexadecimal 


03 


02 


D1 


DO 


Character 


0 


0 


0 


0 


0 


0 


0 


0 


1 


1 


0 


0 


1 


0 


2 


0 


0 


1 


1 


3 


0 


1 


0 


0 


4 


0 


1 


0 


1 


5 


0 


1 


1 


0 


6 


0 


1 


1 


1 


7 




0 


0 


0 


8 




0 


0 


1 


9 




0 


1 


0 


A 




0 


1 


1 


8 




1 


0 


0 


C 




1 


0 


1 


O 




1 


1 


0 


E 




1 


1 


1 


F 



o= vql 
i = v 0 h 



IBM PUNCH CAROS 

The hexadecimal equivalent (from Figure 3) may be 
placed on 80 column IBM punch cards as follows: 

Step Column 

1 12 Byte "0" Hexadecimal equivalent for 

outputs D 7 thru D4 (D7 = M.S.B.) 

2 13 Byte "0" Hexadecimal equivalent for 

outputs D3 thru DO (D3 = M.S.8.) 

3 14-75 Alternate steps 1 and 2 for consecutive 

bytes. 

4 77-78 Card number (starting 011 

5 79-80 Total number of cards (64) 



FIGURE 4 - FORMAT FOR PROGRAMMING GENERAL OPTIONS 



ORGANIZATIONAL OATA 
MCM6832 MOS REAO ONLY MEMORY 



Customer: 

Company . 
Part No . 
Originator . 



Phone No. 



Motorola Use Only 



Quote _ 
Part No. 



Specif No. 



True Chip Select Options: , — ■ 

1.1 1 is most positive 

0 is most negative 

o □ 
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POSITIVE POWERS OF 2 



n 


2 n 




0 


1 




1 


2 




2 


4 




3 


8 




4 


16 




5 


32 




6 


64 




7 


128 




8 


256 




9 


512 




10 


1024 




11 


2048 




12 


4096 




13 


8192 




14 


16384 




15 


32768 




16 


65536 




17 


13107 


2 


18 


26214 


4 


19 


52428 


8 


20 


10485 


76 


21 


20971 


52 


22 


41943 


04 


23 


83886 


08 


24 


16777 


216 


25 


33554 


432 


26 


67108 


864 


27 


13421 


7728 


28 


26843 


5456 


29 


53687 


0912 


30 


10737 


41824 



31 21474 83648 

32 42949 67296 
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NEGATIVE POWERS OF 2 



o 
1 

2 



1.0 
0.5 
0.25 



3 
4 
5 



0.125 

0.0625 

0.03125 



6 


0.01562 


5 










7 


0.00781 


25 










Q 

o 


u.uUvjyu 












9 


0.00195 


3125 










10 


0.00097 


65625 










1 1 


0.U004O 


QOQ1 O 


c 
0 








12 


0.00024 


41406 


25 








13 


0.00012 


20703 


125 








14 


0,00006 


10351 


5625 








15 


0.00003 


05175 


78125 








16 


0.00001 


52587 


89062 


5 






17 


0.00000 


76293 


94531 


25 






18 


0.00000 


38146 


97265 


625 






19 


0.00000 


19073 


48632 


8125 






20 


0.00000 


09536 


74316 


40625 






21 


0.00000 


04768 


37158 


20312 


5 




22 


0.00000 


02384 


18579 


10156 


25 




23 


0.00000 


01192 


09289 


55078 


125 




24 


0.00000 


00596 


04644 


77539 


0625 




25 


0.00000 


00298 


02322 


38769 


53125 




26 


0.00000 


00149 


01161 


19364 


76562 


5 


27 


0.00000 


00074 


50580 


59692 


38281 


25 


28 


0.00000 


00037 


25290 


29846 


19140 


625 


29 


0.00000 


00018 


62645 


14923 


09570 


3125 



30 
31 
32 



0.00000 00009 31322 57461 54785 15625 
0.00000 00004 65661 28730 77392 57812 5 
0.00000 00002 32830 64365 38696 28906 25 
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POSITIVE POWERS OF 8 



— n 


8" 






0 


1 






1 


8 






2 


64 






3 


512 






4 


409 


6 




— 5 


327 


68 




6 


262 


144 




7 


209 


715 


2 


8 


167 


772 


16 



POSITIVE POWERS OF 16 



n 


16" 






0 


1 






1 


16 






2 


256 






3 


409 


6 




4 


655 


36 




5 


104 


857 


6 


6 


167 


772 


16 


7 


268 


435 


456 


8 


429 


496 


729 6 



NEGATIVE POWERS OF 16 

n 16~ n 

0 1.0 

1 0.062 5 

2 0.003 906 25 

3 0.000 244 140 625 

4 0.000 015 258 789 062 5 



